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CHAPTER 1 
General introduction 
CHAPTER I 
The kidney plays a primary role in the maintenance of body fluid composition By 
regulating the excretion of solute and water, the kidney ensures a stable environment for 
the tissues and cells of the body These solutes include important inorganic ions like Na+. 
К
+
,НСОз\ Ca-+.CI ,Mg-+ and PO4- Excretion of waste products and regulation of pH 
of body fluids in coordination with the lungs, are also controlled by the kidney 
The nephron 
The functional unit of the kidney is the nephron, located in a radial orientation in the 
kidney The nephron is a hollow tube composed of a single layer of epithelial cells These 
tubular epithelial cells are polarized with different transport mechanisms present in the 
apical and basolateral membrane This polarity enables these epithelia to perform 
transcellular transport Tubular cells are connected to their neighbors by tight junctions 
In so-called leaky epithelia the tight junctions are leaky, which allows ions and solutes to 
pass between the cells (paracellular transport) In tight epithelia. however, ion and solute 
can only move through the cells (transcellular transport) 
The nephron can be subdivided into several regions on the basis of function and 
morphology (Fig. 1 ) In the process of unne-formation the first step is the ultrafiltration of 
plasma across the glomerulus This means that essentially protein-free fluid enters the 
Bowman's space The glomerular filtrate subsequently enters the proximal tubule where 
67 % of the filtered Na+,C1 ,K+ and Ca-+ is reabsorbed from the lumen Acidification of 
the unne results in reabsorption of HCO3 by PCT cells and this involves a Na+-H+ 
Fig 1 
Scheme of a nephron depicting a short looped 
and a long looped nephion together with the 
collecting system I renal corpuscle including 
Bowman's capsule and the glomerulus 2 
proximal convoluted tubule. 3 proximal straight 
tubule 4 descending thin limb 5 ascending thin 
limb 6 distal straight tubule (thick ascending 
limb), 7, macula densa located within the final 
portion of the thick ascending limb H distal 
convoluted tubule connecting tubule У 
connecting tubule of the juxtamedullan nephron 
that forms an an ode, 10, conical collecting duct 
II outer medutlan collecting duct 12 innei 
medullars collecting duct 1 adapted from ref 42) 
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exchanger located in the apical membrane. In this way 85 % of filtered HCO3- is 
reabsorbed. Reabsorption of Ca-+,Q- and Na+ by the proximal tubule occurs primarily via 
the paracellular pathway. In the ascending limb, 10 % of the filtered HCO3- is reabsorbed. 
Here, also a further 20 % of the filtered Na+,C1-,K+ and Ca-+ is reabsorbed. Finally, in the 
distal convoluted tubule, connecting tubule and the collecting duct Na+,C1- and Ca-+are 
reabsorbed and K+ and H+ are secreted [5]. Whereas bulk transport is performed in the 
early nephron, the latter part of the nephron is involved in the fine tuning of the final 
excretion of inorganic ions. In the remaining of this chapter I will focus on the latter part 
of the nephron. 
Distal part of the nephron 
The distal part of the nephron, i.e. the distal convoluted tubule, the connecting tubule and 
the collecting duct, consists of tight epithelia. In this segment three cell types are 
recognized: principal cells and two types of intercalated cells, α and β (Fig. 2). 
Intercalated cells are important for the regulation of the acid-base balance and can be 
distinguished from principal cells by their dark cytoplasm due to a high mitochondrial 
density. As can be seen in Fig. 2, α-intercalated cells secrete H+ through an apical H+ 
pump and reabsorb HCO3- via the CI-HCO3- exchanger in the basolateral membrane by a 
process similar to that in the proximal tubule, ß-intercalated cells operate in the reverse 
orientation, they secrete HCO3- via an apical CI-HCO3- exchanger and pump H+ across the 
basolateral membrane via a H+ pump and an H+-K+ ATPase. The distribution of α vs β-
intercalated cells varies along the distal convoluted tubule, connecting tubule and the 
collecting duct. In the distal convoluted tubule primarily ß-intercalated cells are found 
Fig. 2 
Schematic representation of transport systems 
involved in HCO3 secretion and reabsorption by 
intercalated cells 0} the cortical collecting system: 
A. Reabsorption of HCO-t by u-mtercalaied 
с ells. H+ are secreted into the lumen by an apical 
H+-pump. Subsequently, luminal HCO3 enters 
the cell as CO?, is deprotonaled by carbonic 
anhydrase and extruded by CI-HCO3 
exchangers in the basolateral membrane. 
B. Secretion of HCOy by ^intercalated'cells. H+ 
are extruded across the basolateral membrane by 
H^-K~-ATPases and H^-pumps. HCO3 enters 
the cell as CO? is deprotonaled bv carbonic 
anhydrase and extruded bv CI-HCO3 
exchangers in the apical membrane. 
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whereas only α-intercalated cells are present in the outer medullary collecting duct 
(OMCD) In the cortical collecting duct both cell types are present [1,4] 
The third cell-type, which makes up for the majority of the cells in the connecting 
tubule and the collecting duct (70%), are the principal cells [61 Principal cells exhibit 
active Na+ and Ca-+ reabsorption and K+ secretion These processes are regulated by 
hormones such as aldosterone, vasopressin, parathyroid hormone (PTH) and 1,25-
dihydroxyvitamin Вз(1.25[ОНЬРз) In addition to these systemic agents, local agents are 
involved in the regulation of tubular actions These substances, including prostaglandin 
E2 and adenosine nucleotides, are produced in the kidney and exhibit auto- and paracrine 
actions 
Ca-+ reabsorption 
The principal cells of the cortical collecting duct reabsorb Ca-+ from the pro-unne (Fig. 
ЗА) Ca-+ enters the cell at the apical membrane down its electrochemical gradient via a 
yet undefined mechanism In the cell, Ca-+ is bound by calbindin-D^K. a vitamin Da-
dependent Ca2+ binding protein, which shuttles Ca-+ through the cytosol to the opposing 
basolateral membrane Here Ca-+ is extruded by a Ca-+ pump and a Na+-Ca^+ exchanger 
In a model proposed by Feher et al 1191 Ca-+ reabsorption is enhanced by calbindin on 
three accounts First, they proposed a negative feedback of the c>tosolic Ca-+ 
concentration on Ca-+ influx across the apical membrane Since cytosolic calbindin 
buffers Ca-+ which enters the cell, Ca^+ concentrations are maintained low in the close 
vicinity of the apical membrane Consequently, Ca-+ influx across the apical membrane is 
increased Second, calbindin maintained low in the close vicinity of the apical facilitates 
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Fig 3 
A Schematic representation of calcium 
reabsorption across principal cells of the cortical 
collecting system Ca ^* enters the cell across the 
apical membrane through an as \et undefined 
mechanism Subsequently Ca-* diffuses through 
the cMosol to the basolateral membrane which 
process is facilitated b\ acvtosolic Ca-~ binding 
protein, calbindin-D2SK Finalh Ca2* is extruded 
across the basolateral membrane bv a Ca-* 
ATPase anda \a*Ca?+ exchanger 
В Schematic representation of Na* reabsorption 
and К* secretion m principal cells of the cortical 
collecting svstem Na* enters the cell across the 
apical membrane throiu>h amilonde sensitive Na* 
channels and is extruded across the basolateral 
membrane b\ a \u- K* ATPase К' enters the 
cell via the basolateral Na* K* ATPase and leaves 
the cell through Ba-* sensitive K*channels inthe 
apical and basolateral membrane K~ flux 
through apical maxi К channels (open at row) 
does not occur at ¡Ca2* /, below 1 μΜ 
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diffusion of Ca^+ through the cell and third,calbindin increases Ca-+ supply to the 
extrusion mechanisms. 
Ca2* influx 
Until now, little is known about the influx mechanism at the apical side of the principal cell. 
In the distal convoluted tubule, however, two Ca-+-permeable channels have been 
identified that could be responsible for the Ca^+ influx in this segment 115,24|. The first 
channel was only observed in excised patches. It was voltage dependent (open 
probability (P()) 0.02 at -60 mV and 0.57 at +60 mV) and had a conductance of 8 pS 115]. 
Furthermore, it was permeable for Ba^+ and inhibited by lanthanum. The second channel 
was also not observed in cell attached patches unless stimulated with PTH [24]. It had a 
conductance of 2 pS and was sensitive to the Ca-+ entry blocker, dihydropyridine. In 
rabbit connecting tubule, an apical Ca^+ channel was observed with a conductance of 25 
pS, using Ba-+ as charge carrier 116]. The Pt) of 0.00026 was remarkably lower than that of 
the channel observed in the distal convoluted tubule. The P„ was increased by 8-Br-
cAMP in cell-attached patches to 0.006 but was lowered again by nifedipine. The 
mechanism of Ca-+ influx involved in the process of Ca-+ reabsorption across the cortical 
collecting duct and connecting tubule, however, remains unsolved. 
Alternatively, it has been suggested that a Ca-+-H+ antiporter is involved in the influx 
across the apical membrane since Ca-+ transport and intracellular pH are sensitive to 
changes in extracellular pH 117|. However, a recent study did not support this contention 
Ц8І-
CaMndin-DjHK 
Calbmdin-D28K binds Ca : + that has entered the principal cell acioss the apical membrane. 
This mobile, cytosolic, Ca-+-binding protein is a member of a superfamily of proteins, which 
share a highly conserved Ca-+-binding motive, the so-called EF-hand |35 | . Because of its 
high cytosolic concentration and its high affinity for Ca-+, calbindin-Dis« ' s able to 
enhance transcellular Ca^+ movement [ 19|. The presence of calbindin-D^sK in the principal 
cells, enables these cells to transcellularly transport Ca-+ and maintain a constant low 
intracellular Ca-+ concentration at the same time. 
Ca-+ bound at the apical side by calbindin-D28K ' s subsequently transported to the 
basolateral side where it is extruded by Ca-+ ATPases and Na+-Ca2+ exchangers. There is 
some discussion about the alleged interaction of calbindin-D2HK ^vith Ca?+ ATPases. In 
intestine and kidney, that contain both calbindin and Ca-+ ATPase, calbindins have been 
reported to directly affect Ca-+ ATPase activity while in other studies no influence on 
Ca-+ ATPase activity could be found 119|. 
Ca-+ extrusion mechanisms 
In principal cells Ca-+ ATPases and Na+-Ca^+ exchangers are thought to be involved in 
Ca-+ extrusion across the basolateral membrane. Although the Na+-Ca-+ exchanger has 
been located in the connecting tubule |20 | , the involvement of this exchanger in Ca?+ 
extrusion has been questioned. Under unstimulated conditions, the energetic balance of 
exchange of 3 Na+ for 1 Ca-+ is at equilibrium, which suggests that the Na+-Ca2+ 
exchanger does not normally mediate Ca^+ extrusion [211. 
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Regulation of Ca?* reabsorption 
Several hormones, including calcitonin, PTH and 1,25[ОН]2Рз regulate Ca-+ reabsorption. 
Calcitonin is known to stimulate Ca-+ reabsorption across the distal convoluted tubule 
[221 but has no effect on the connecting tubule |23 | . In rat distal convoluted tubule, Ca^+ 
reabsorption is stimulated by PTH. PTH induces hyperpolarization of the apical membrane 
by simulating CI- channels. This hyperpolarization increases the P 0 of the Ca-+ channels 
and the electrochemical driving force for Ca-+ entry [24]. PTH also increases Ca-+ 
transport across connecting tubules [23]. Finally, 1,25[ОНІ2І>з stimulates Ca-+ transport 
across intestinal and renal epithelia [24[. 1,25|ОН]2Рз acts as a classical steroid hormone, 
initiating de novo synthesis of proteins [3|. In the intestine, 1,25|ОН|2І>з increases the 
synthesis of calbindin-DçK and the basolateral Ca-+ ATPase [3,25,26| while in the 
connecting tubule only calbindin-Ö28K synthesis is increased |3]. 
Na+ reabsorption 
In the cortical collecting duct Na+ enters the cells passively at the apical membrane 
through amiloride-sensitive Na+ channels (Fig. 3B) and is extruded across the basolateral 
membrane by the Na+-K+ ATPase [9]. Apical Na+ channels with a conductance of 5 pS 
have been demonstrated by patch clamp studies [7,8]. In this nephron segment, Na+ 
reabsorption is regulated by aldosterone, arginine vasopressin (AVP), epidermal growth 
factor (EGF), ANP and local hormones like PGET and adenosine nucleotides [10,11,27-301. 
Schäfer and Hawk [ 111 proposed a model in which aldosterone increases the total number 
of Na+ channels by protein synthesis, whereas AVP increases the number of active Na+ 
channels by activating inactive channels. Furthermore, aldosterone stimulates Na+ 
reabsorption by increasing the abundance of Na+-K+ ATPases in the basolateral membrane 
[ 12|. The mechanisms by which EGF regulates Na+ transport has not yet been clarified. In 
the cortical collecting duct basolateral and luminal PGE2 inhibit Na+ transport [28,29]. 
K+ secretion 
Na+ reabsorption and K+ secretion are directly coupled since the uptake of K+ into the 
principal cells also involves the basolateral Na+-K+ ATPase (Fig. 3B). K+, which is 
pumped into the cell, leaves the cell via K+ channels in the apical as well as the basolateral 
membrane |2 | . K+ secretion is inhibited by Ba?+. The channels in the basolateral 
membrane serve to recycle K+ as has been postulated for other cells [ 13]. In the apical 
membrane at least two K+ channels have been investigated using patch clamp analysis. 
The first channel described, was a Ba-+-sensitive "maxi" К channel with a conductance of 
140 pS in an excised configuration (high K+ in the pipette and low K+ in the bath) but 
inactive in the on-cell configuration. This channel was only active at cytosolic Ca-+ 
concentrations above 1 μΜ [13] and can, therefore, not be involved in the process of K+ 
secretion. The second apical, Ba-+-sensitive, K+ channel described had a lower, 
asymmetrical conductance in the on-cell configuration (15-36 pS for inward current and 
35-52 pS for outward currents). This K+ channel, insensitive to changes in cytosolic Ca?+, 
but inhibited by acidification of the cytosol is presumably responsible for the K+ secretion 
[13,14]. LikeNa+ reabsorption, K+ secretion is regulated by aldosterone and AVP [13]. 
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Signal transduction 
Endocrine and paracrine substances will bind to membrane receptors in the apical or 
basolateral membrane of the renal tubule cells and transduce their signal to the final 
effector system via so-called second messengers 
Activation of phosphohpase C, through G proteins, leads to hydrolysis of 
phosphoinositol bisphosphate (PIP2) to inositol tnsphosphate (IP3) and diacylglycerol 
(DAG) Binding of AVP, PGE2 and adenosine to their receptors can activate 
phosphohpase С |28,31,32,36] The IP3 formed, releases Ca 2 + from intracellular Ca2+ 
stores, resulting in a rise in intracellular Ca-+ concentration (lCa-+],) Subsequently, 
|Ca-+|, returns to its basal level by extrusion and reuptake of Ca-+ in intracellular Ca^+ 
stores This sequence of events is repeated, resulting in so-called Ca?+ oscillations These 
Ca- f oscillations influence processes in the cell such as Ca^+ sensitive channel activity or 
secretion of secrelagogues DAG, formed during the hydrolysis of PIP2. is a known 
activator of protein kinase С (PKC) PKC activates or inactivates proteins by 
phosphorylation 
Another second messenger system, adenylate cyclase (AC), can be activated by binding 
of agonists to, for example AVP т or adenosine Ai receptors, leading to synthesis of 
cAMP Protein kinase A, activated by cAMP, phosphorylates proteins, thereby regulating 
cellular functions Other receptors, however, that are coupled to AC through an inhibitory 
G-protein, inhibit hormone-stimulated AC activity In the collecting duct, for example, 
adenosine and PGE2 are known to inhibit AVP-induced cAMP accumulation |28,33] 
In most renal cells, more then one receptor subtype is present, each coupled to a 
different second messenger system Since these receptors have different affinities for their 
agonists, fine tuning of renal function is controlled by the levels of these hormones 
In vivo techniques for studying kidney function 
In the past, many methods have been established to investigate kidney functions In the 
stopped-flow technique, used to study the function of the entire kidney, solute is infused 
intravenously When urine flow rate is stable, the ureteral catheter is occluded After flow 
is restarted small serial samples are collected and analyzed Another technique, that goes 
back to 1920, is the micropuncture technique Micropunclure is the impalement of a 
micropipette into a surface nephron in the intact kidney In this way samples of the 
luminal fluid can be collected and subsequently analyzed It is also possible to impale two 
pipettes into the same nephron one pipette proximal and one distal This is called in vi\o 
microperfusion |34 | 
In vitro techniques for studying kidney function 
The microperfusion experiments can also be performed on microdissected tubules with the 
advantage that segments, that are not accessible by micropuncture, can be studied |34 | 
Recently, cell culture techniques have been developed which allow studying ion 
transport processes of renal cells in culture Different tubule segments can be isolated by 
microdissection or by immunodissection Isolated cells are cultured on supporting surfaces, 
such as plastic petn dishes, collagen-coated glass cover slips or collagen-coated permeable 
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filters [23,39]. Established cell lines, can be stored frozen and returned to culture at a later 
date, while other cell cultures are used in the first passage only (primary cultures) [39,40]. 
Primary cultures of immunodissected cells have many advantages. With 
immunodissection, the antibodies, prepared against cell-specific antigens, are used as 
immunoaffinity reagents to isolate populations of specific renal cell types (Fig. 4). 
Immunodissection has a high yield compared to microdissection [411. Once grown to 
confluent monolayers, cell cultures offer easier access to the apical membrane. Therefore, 
investigating primary cultures is technically less demanding than, for example, 
microperfusion. Primary cultures are often preferred above in vivo techniques, since 
primary cultures can be used to study tubular properties in the absence of systemic factors. 
When compared to established cell lines, primary cultures retain more characteristics of the 
original epithelium, since they are only in their first passage [40]. 
Fig 4. 
immunodis section of corneal 
collecting system cells. A 
suspension of cells from 
rabbit kidney cortex was 
added to a dish, coated with 
monoclonal antibodies 
directed against rabbit 
connecting tubule and cortical 
collecting duct. Isolated 
cortical collecting mtem cells 
were seeded at high density 
on permeable filters, coated 
with rat-tad collagen and 
grown to confluence. 
Outline of this study 
The goal of the present study was to determine the effects of Ca-+ entry blockers on the 
ion transporting properties of the cortical collecting duct and the connecting tubule, since 
tubular natriuretic effects of Ca-+ entry blockers have been suggested previously. To this 
end primary cultures were established using a monoclonal antibody, R2G9, directed 
against cortical collecting duct and connecting tubule of the rabbit kidney. These primary 
cultures express many characteristics of the native tissue such as active Ca-+, Na->- and K+ 
transporting properties, amiloride-sensitive Na+ channels and Ba-+-sensitive K+ channels 
and sensitivity to several hormones like l,25[OHhvitD3, PTH, aldosterone and AVP. 
The ion transporting properties of the cortical collecting system and the signalling 
pathways involved in the regulation of these processes are characterized in detail in 
chapters 3 through 8. 
In Chapter 2, the effect of Ca-+ entry blockers on cortical collecting system cells in 
primary culture is described. Chapter 3 describes the influence of acidosis and alkalosis 
on K+ secretion in cortical collecting system cells. In chapters 4 and 5 the presence of 
adenosine and ATP receptors in primary cultures of the cortical collecting system is 
16 
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demonstrated and their role in Na+ and Ca-+ absorption is studied In chapter 6 
oscillations in intracellular Ca?+ concentration, in cortical collecting system cells, induced 
by Na+-free medium, are studied The influence of the buffering capacity of endogenous 
calbindm-D2HK o n Ca-+ signalling and Ca-+ transport is described in chapter 7 Since the 
presence of Ca-+ channels in the apical membrane has not been demonstrated so far with 
patch clamp techniques, we searched for these channels and the results are presented in 
chapter 8 
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Calcium entry blockers inhibit Na+ and 
K+ transport across 
rabbit cortical collecting system 
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CHAPTER 2 
ABSTRACT 
It is well established that the calcium entry blocker felodipine induces natnuresis in 
humans by an enhancement of renal blood flow, glomerular filtration rate and electrolyte 
excretion. This latter effect appears to reside in the distal tubule. Therefore, in the present 
study the effect of felodipine on transepithelial Na+ and K+ transport in the cortical 
collecting system was investigated. To this end, rabbit connecting tubule and cortical 
collecting duct cells were isolated by immunodissection and cultured to confluency on 
permeable filters. The monolayers were placed in Ussing chambers and short-circuit 
currents (Isc) were measured. The Ba^+- and benzamil-sensitive components of the Isc 
were taken as a measure for K+ and Na+ transport, respectively. Felodipine, added to the 
apical side, inhibited Ba2+-sensitive Isc dose-dependently with a half maximal effect at 29 
μΜ and a maximal inhibition of 69±6 %. Apical felodipine also inhibited benzamil-
sensitive Isc and at 100 μΜ 39±7 % inhibition was reached. In transport assays, 100 μΜ 
felodipine inhibited K+ secretion (68±3 %) and Na+ absorption (24±6 %), which agrees 
with Isc measurements. In conclusion, felodipine, at very high doses, inhibits Na+ and K+ 
transport in rabbit kidney cortical collecting system. The natriuretic effect of felodipine 
can, however, not be explained by a direct effect of felodipine on the connecting tubule 
and cortical collecting duct since, in vivo, local felodipine concentrations at these tubular 
sites are much lower. 
INTRODUCTION 
Calcium entry blockers (CEBs), such as dihydropyridines, benzothiazepines and 
diphenylalkylamines, are frequently used in the treatment of essential hypertension, 
angina pectoris, cardiac arrhythmias and acute and chronic renal failure. The 
physiological effects and the mechanisms of action of CEBs have been studied 
extensively. One of these characteristic of CEBs is the induction of natriuresis and water 
diuresis [3,4,7|. The mechanism of action of these effects is not yet understood. However, 
several explanations have been suggested. For example, CEBs influence several 
components of the cardiovascular system such as hemodynamics, vascular tone and 
hormone systems [3 J. Alternatively, natriuresis and water diuresis may be due lo effects of 
CEBs on the kidney [7] such as changes in renal blood flow (RBF), glomerular filtration 
rate (GFR) and direct tubular action. From animal studies, however, using micropuncture 
techniques and intravenously administered CEBs, natriuresis and diuresis were not related 
to changes in RBF and GFR [3]. In humans administration of dihydropyridines increased 
natriuresis while RBF and GFR were unchanged or had returned to basal levels [3]. From 
these findings it was concluded that at least part of the natriuretic effect of CEBs resulted 
from a direct tubular action [3,7,9]. 
Inhibition of Na+ reabsorption by CEBs can take place at the proximal or distal part of 
the nephron [3,7,9]. In most humans the natriuretic effect of CEBs was not accompanied 
by an increase in K+ excretion. This favors an effect of CEBs on the distal tubule and 
especially on the collecting duct since in this segment K+ secretion is regulated 
independently of Na+ [91. 
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The aim of the present study was to investigate the effect of CEBs on Na+ absorption 
and K+ secretion in the cortical collecting duct. For this purpose, primary cultures of 
connecting tubule and cortical collecting duct, were used. The cells were isolated by 
immunodissection and grown to confluency on permeable filters. In previous studies, we 
demonstrated that this culture exhibits several functions of the original epithelium, 
including apical-to-basolateral benzamil-sensitive Na+ transport (Na+ absorption) and 
basolateral-to-apical Ba^+sensitive K+ transport (K+ secretion) |22). 
MATERIALS AND METHODS 
Primary culture of rabbit kidney cortical collecting system cells 
Connecting tubule and cortical collecting duct cells, hereafter referred to as cortical collecting system, 
were immunodissectcd with mAb R2G9 from kidney cortex obtained from New Zealand white 
rabbits as described previously 111. The cells were subsequently grown to confluency in culture 
medium (equilibrated with 5% CG*2-95% air at 37°C) on permeable filters (Costar, Badhoevedorp, 
NL). All experiments were performed between 5-8 day after seeding the cells. 
Transepithelial Na+ and K+ transport measurements 
Cells cultured on filters were washed and bathed at 37°C in Ringer. The cultures were incubated 
with IO 7 M aldosterone for 16 h prior to the experiment. Na+ absorption and K+ excretion were 
determined by removing duplicate samples of 20 μ\ from the apical compartment after 3 h of 
incubation in presence or absence of calcium entry blockers. Transepithelial Na+ and K+ transport 
were linear up to 5 h (data not shown). The Na+ and K+ content of the samples was determined by 
flamephotometry (Eppendorf FCM 6343, Hamburg, Germany). 
Transcellular short-circuit current measurements 
For the Ussing chamber experiments filtercups were cut in part in horizontal direction allowing 
simple dissociation of the filter part just prior to the experiments. This way edge damage of the 
monolayer was minimalized. The filter part was placed between the two half chambers of the Ussing 
chamber which contained incubation medium at 37°C. The cultures were incubated with ΙΟ-7 M 
aldosterone for 16 h prior to the experiment. The apical and serosal solutions were connected via 
agar bridges and Ag-AgCI electrodes to a voltage-clamp current amplifier (Physiological 
Instruments, San Diego, CA) and the short-circuit current (l 4 t) was recorded. The benzamil-
sensitive component of Isc (apical benzamil 10-5 M) was a measure for Na+ absorption whereas the 
Ba2+-sensitive Isc (apical ВаСЬ Ю-1 M) was a measure for K+ secretion. 
Comparison of Ussing chamber experiments with transport studies 
To convert benzamil and Ba2+-sensitive Isc from Ussing chamber experiments to Na+ and K + 
transport rates respectively the following formula was used: 
X (Coulomb.s-i.cm 2).e-i (Coulomb ').A ι (mol).3600 (s.h-i) = J (mol.h-i.cm 2) 
(X = Ba2+- or benzamil-sensitive Isc, e = elementary charge quantum ( 1 . 6 * 1 0 i y Coulomb), A = 
number of Avogadro (6.0* IO2-' mol·1), J = calculated transport rate (mol.h'.cm 2)) 
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Experimental procedures 
Culture medium: DME/F12 ( H ) (Gibco, Breda, NL) supplemented with 5% (v/v) decomplemented 
fetal calf serum; 50/<g/ml gentamicin; 0 5% (v/v) lOOx mixture of non-essential amino acids (Gibco, 
Breda, NL); 5 μ%Ιηύ insulin; 5 μ%ΙπΛ transferrin; 50 nM hydrocortisone, 70 ng/ml PGEf, 50 nM 
Na2SeCh; 5 pM triiodothyronine Ringer (mM). 140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 5 glucose 
and 10 Hepes/Tns, pH 7.4. Incubation medium: DME/F12 (1:1), pH adjusted to 7 4 with 5% C02-
95% air at 37°C. Felodipine, S (-)-felodipine (H183/96), R(+)-felodipine (H183/91) and felodipine 
metabolite IV (H167/87) were kindly provided by Astra Pharmaceutics (Molndal, Sweden). D600 
(methoxyverapamil) was provided by Knoll AG (Ludwigshafen, Germany). All other chemicals 
were obtained from Sigma (St. Louis, Missouri, USA) Felodipine and its derivatives were 
dissolved in PEG 400 D600 was dissolved in methanol. Solvent concentrations never exceeded 
0 1 % (v/v) Results from experiments with vehicle alone were never significantly different from 
control 
Statistical analysis 
In all experiments data were obtained from at least three separate isolations and expressed as mean ± 
SE for N=number of experiments Analysis of variance was used to determine statistical differences 
between independent groups [2| 
RESULTS 
Comparison of Ussing chamber experiments and transport studies 
Na+ absorption and K+ secretion across cultured cortical collecting system cells were 
determined in two different ways, Ussing chamber measurements and transport studies In 
Ussing chamber experiments, benzamil- and Ba-+-sensitive short-circuit currents (Isc) 
were determined as a measure for Na+ and K+ transport, respectively, whereas in transport 
studies, the rate of Na+ absorption and K+ secretion were determined from changes in Na+ 
and K+ concentrations in the apical compartment Transport rates and direction of 
transport were compared for both methods Sodium was absorbed (transported from 
apical to basolateral compartment) From Isc it was deduced that Na+ transport amounts 
to 0 40 μπιοΐ.η i.cm-2 while chemical transport assays revealed a rate of 0 26 μπιοί h '.cm -
K+ was secreted (transported from basolateral to apical compartment) at a rate of 1 5 
^mol h ι cm-2 deduced from Isc and at 0 9 /<mol h ' cm-2 deduced from actual transport 
assays In conclusion, although not completely identical, Isc data match the chemical 
transport data and are therefore representative for K+ and Na+ transport in cultured 
cortical collecting system cells 
Effect of calcium entry blockers on transepithehal Na+ and K+ transport 
As is shown in Fig. 1 addition of 100 μΜ felodipine or 100 μΜ D600 to the apical side of 
cortical collecting system significantly (p<0.001) inhibited Na+ absorption by 24±6 % and 
21±9 %, respectively K.+ secretion was significantly inhibited (p<0.001) by addition of 
100 μΜ felodipine or 100 μΜ D600 to the apical side by 68±3 % and 82±2 %, 
respectively 
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Fig I Effect affelodipine and D600 on transepithehal potassium and sodium transport 
across primary cultures of cortical collecting system Net potassium absorption 
(A) and sodium secretion (B) was measured 100 μΜ Felodipme or 100 μΜ 
D6(X) was added to the apical side only Values are mean ± SE for ,V=5 *, 
significantly different from control (p<0 05) 
Benzamil- and Ba2+-sensitive short-circuit current 
Fig. 2A shows Isc across cultured cortical collecting system cells in a typical experiment 
Since Ba2+ was added to block K.+ secretion, the remaining Isc mainly reflects Na+ 
absorption Addition of felodipme decreased Isc. and inhibited Na+ absorption To 
quantify the proportion of felodipine-unaffected Na+ absorption benzamil was 
subsequently added Total Na+ absorption is the sum felodipme- and benzamil-induced 
decreases in Isc Similarly, Ba2+ was used to quantify the proportion of felodipine-
unaffected K+ secretion and the inhibitory effect of felodipme on K+ secretion was 
determined as shown in Fig. 2B. 
Effect of calcium entry blockers on benzamil- and Ba2+-sensitive Isc 
Fig. ЗА shows the dose-dependent inhibition of benzamil-sensitive Isc across cultured 
rabbit cortical collecting system cells by felodipme added to the apical side At 100 μΜ 
felodipme benzamil-sensitive Isc is inhibited by 39±7 % Concentrations higher than 100 
μΜ were not used Since the maximal inhibition was not reached, an EC50 can not be 
calculated 
Fig. 3B shows the dose-dependent inhibition of Ba2+-sensitive Isc by felodipme 
added to the apical side An IC50 of 29 μΜ was calculated and a maximal inhibition 
(99±4 %) was reached at 100 μΜ In the presence of Ba-+ and benzamil. felodipme 
(apical. 100 μΜ) did not significantly affect Isc (-1 4±5 6/<A cm - (n=3)) 
Addition of 100 μΜ felodipme to the basolateral side of cultured rabbit cortical 
collecting system inhibited benzamil- and Ba2+-sensitive Isc by 17±5 % and 69±6 % 
(n=4), respectively 
Felodipme is a mixture of felodipme isomers Therefore, the effect of two felodipme 
isomers was tested The effect of these felodipme isomers. S(-)-felodipine (HI83/96. 100 
μΜ) and R(+)-felodipine (H183/91, 100 μΜ), added to the apical side on benzamil- and 
Ba2+-sensitive Isc (benzamil-sensitive Isc 21 ±7% and 25±12%. Ba2+-sensitive Isc 
23 
CHAPTER 2 
99±10% and 97±6%; for S(-) and R(+) respectively), were not significantly different 
(p>0.5) from the racemic mixture of felodipine as is shown in Fig. 4. A metabolite of 
felodipine, metabolite Г (H167/87), did not affect ISc (0.0±0.3 /<A.cm-? (n=3)). 
Addition of 100 μΜ D600 to the apical side inhibited benzamil- and Ba-+-sensitive Isc 
with 28±5 % and 55±9 %, respectively (n=9). 
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Fig. 2 A. Effect of felodipine on benzamil-sensitive ¡sc across cultured cortical 
collecting system cells. Isc plotted against time. At the indicated times Ba2+ (1 
mM), felodipine (100 μΜ) and benzamil (10 μΜ) were applied to the apical side 
of the monolayer and remained present during the experiment. B. Effect of 
felodipine on Ba?+-sensitive ¡sc across cultured cortical collecting system cells. 
¡sc plotted against time. At the indicated times benzamil (10 μΜ), felodipine 
( 100 μΜ) and Bal* (1 mM) were applied to the apical side of the monolayer and 
remained present during the experiment. 
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A. Effect of felodipine on benzamil-sensitive ¡sc- Benzamil-sensitive ¡sc across 
cultured cortical collecting system cells plotted against felodipine concentration. 
Felodipine was applied to the apical side only. An inhibition of 39 % was 
measured at 100 μΜ felodipine. Values are mean ± SE for N^9. B. Effect of 
felodipine on Ba?*-sensitive ¡sc- Ba2+-sensitive ¡sc across cultured cortical 
collecting system cells plotted against felodipine concentration. Felodipine was 
applied to the apical side only. An 1С¡o of 28 μΜ was calculated. Values are 
mean ± SE for N>12. 
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DISCUSSION 
This study convincingly demonstrates that the natriuretic effect of felodipine in vivo does 
not result from its direct inhibitory effect on Na+ absorption across the cortical collecting 
system Only at very high concentrations ([felodipine] > 1 /<M), which will not be reached 
in clinical situations, a significant inhibition of Na+ and K+ transport was observed across 
rabbit cortical collecting system 
Clinically CEBs are used in treatment of hypertension since CEBs increase water 
diuresis and natnuresis in humans and animals [3,4] Since CEBs-mduced natnuresis and 
water diuresis also occurs in absence of changes in GFR and RBF these effects can in part 
be attributed to a direct tubular action In the distal part of the nephron Na+ reabsorption 
and K+ secretion are regulated independently Since CEBs only affect sodium 
reabsorption, the effects of CEBs on the cortical collecting system were studied [9] 
In the present study we show that pharmacological concentrations of felodipine and 
D600 inhibit Na+ absorption and K+ secretion Our findings, however, can not explain the 
clinically observed natriuretic effects of CEBs for the following reasons- i) Blood 
concentrations of felodipine [5,6,9] and verapamil [12] when used therapeutically, are 
approximately 10 nM and 200 nM, respectively At these concentrations no inhibitory 
effects were found гі) Luminal felodipine concentrations could reach values higher than 
in blood due to the concentrating effect on luminal substances Edgar et al found, 
however, that not felodipine but metabolites of felodipine are present in unne and 60% of 
the administered felodipine is excreted in metabolized form [6] One of these metabolites, 
metabolite IV, had no effect on Na+ or K+ transport in the cortical collecting system 
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Fig 4 A Dose dependent effect of S(-)-felodiptne (HI83/96) (open circles) and R( + ) 
felodipine (HI 83/91 ) (solid circles) on benzamil-sensitive ƒ sc in cultured cortical 
collecting svsiem cells Both isomers were applied to the apical side onlv An 
inhibition of 21 9c and 25 % was measured at 100 μΜ S( ) felodipine (HI83/96) 
and R( + ) felodipine (Η'183/91 ) respectively Values are mean ± SE for V= ί В 
Dose dependent effect of S(-) felodipine (H183/96) (open circles) and R(+) 
felodipine (HI 83191) (solid circles) on Ba?+ sensitive ¡\L across cultured cortical 
collecting system cells Both isomers were applied to the apical side onh /CV>s 
of 22 and 29 μΜ were calculated for S( ) felodipine (H183/96) and R( + ) 
felodipine (Н18У91 ) respectivets Values are mean ± SE for Λ'= ί 
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The natriuretic effect of felodipine and D600 in vivo, suggest a mechanism of action 
that involves L-type calcium channels However, the affinities of CEBs for calcium 
channels are in the nanomolar range [8,11] which is several orders of magnitude lower 
than the IC50S observed in this study Previously, inhibitory effects of CEBs with 
affinities in the micromolar range have been described on Na+ and K+ channels f 13,14,17] 
In tobacco protoplasts, verapamil, nifedipine and bepndil inhibit K+ channels with 1С50s of 
1 -5 μΜ 113] In larval frog skin verapamil inhibits K+ channels with an IC50 of 10 μΜ [ 14] 
This suggests that felodipine can act directly on Na+ and K+ channels To rule out the 
involvement of calcium channels, stereoisomers of felodipine were tested, since these 
stereoisomers have different effects on L-type calcium channels [18| Whereas the (R)-
enantiomer is known to have an antagonistic and the (S)-enantiomer to have an agonistic 
effect on calcium channels, in the present study both isomers inhibit Na+ and K+ transport 
in the collecting system cells to the same extent In conclusion, the effects of CEBs on 
Na+ and K+ channels in the cortical collecting system are aspecific and only observed at 
high concentrations These a-specific effects of CEBs do not offer an explanation for the 
natriuretic effects observed in vivo 
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CHAPTER 3 
Luminal pH decreases K+ secretion in 
rabbit cortical collecting system 
Henk P.G. Koster, Anita Hartog, Carel H. Van Os 
and René J.M. Bindeis 
CHAPTER .ï 
ABSTRACT 
K+ secretion across Ihe cortical collecting duct is influenced by extracellular pH. There is, 
however, some discrepancy in the sidedness of this effect. Therefore, in the present study, 
the effect of apical and basolateral pH (рНд and рНв, respectively) on K+ secretion in 
cortical collecting duct was investigated. To this end rabbit cortical collecting duct and 
connecting tubule cells were isolated with immunodissection and cultured on permeable 
filters. Transport studies revealed that lowering рНд, from 7.4 to 6.0, inhibited net K+ 
secretion with 86±2% and that increasing рНд, from 7.4 to 8.0, increased net K+ secretion 
with 52±8%. Changing рНв, however, did not significantly affect net K+ secretion. In 
addition, short-circuit current was used to quantify net K+ secretion. Increasing рНд from 
7.4 to 6.3 decreased Ba-+-sensitive I sc with 67±11%. To investigate whether inhibition 
of K+ secretion resulted from acidification of the cytosol, intracellular pH (pH,) was 
measured with 2',7'-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF). Lowering рНд 
from 7.4 to 6.2 decreased pH, to 6.8±0.2. However, lowering рНв from 7.4 to 6.2 also 
decreased pH, to 6.8±0.2, but this cellular acidification did not result in inhibition of K+ 
secretion. Therefore, inhibition of net K+ secretion in the cortical collecting system by 
decreasing luminal pH is due to an effect on the outer surface of the apical membrane. 
INTRODUCTION 
The bulk of K+. Ca^+ and Na+ ions filtered at the glomerulus is reabsorbed in the proximal 
tubule and in the loop of Henle, whereas the fine tuning of the excretion of these ions 
takes place in the cortical collecting duct [7,301. This segment consists of three cell types, 
principal cells, which make up for the majority of the cells, and α and β intercalated cells. 
Intercalated cells are responsible for acid secretion and HCO3 and Cl- reabsorption [311. 
Principal cells are responsible for the secretion of K+ and the reabsorplion of Na+ 
stimulated by aldosterone and vasopressin [30,31,32331. 
In the principal cells, Na+ reabsorption consists of Na+ ions entering the cell passively 
across the apical membrane through amiloride-sensitive Na+ channels and subsequent 
extrusion by a Na+-K+ ATPase located in the basolateral membrane [7,28,33]. K+ 
secretion involves K+ entry, facilitated by the Na+-K+ ATPase and K+ exit down its 
electrochemical gradient via K+ channels located in both the apical and the basolateral 
membrane [32]. Until now, four different K+ channels have been identified which 
facilitate K+ exit: a small conductance (2-20 pS) and an intermediate (80 pS) channel in 
the basolateral membrane [26| and a small (30 pS) and a large conductance (140 pS) 
channel in the apical membrane, respectively. These latter channels are only activated at 
high intracellular Ca?+ concentrations (>1 μΜ). It is, therefore, unlikely that these 'maxi* 
К channels mediate K+ secretion [26,37]. K+ secretion is presumably facilitated by the 
apical small conductance K+ channel, which in contrast to 'maxi' К channels, is stimulated 
by aldosterone [22,26,27,29]. All studied K+ channels in the principal cells of the cortical 
collecting duct are pH sensitive. Acidification of the cytosol decreases the open 
probability of these channels as has been shown by patch clamp studies [21,26]. 
The pH-sensitivity of K+ channels can, at least in part, explain the disturbance of K+ 
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homeostasis during acidosis and alkalosis. Patients with an impairment in H+ secretion 
(distal renal tubular acidosis) are often not able to maintain their K+ balance and suffer 
from hypokalemia and renal K+ wasting [9,14|. The exact relation between this renal 
tubular acidosis and hypokalemia is not yet completely understood but is thought to be 
caused by acidification of the cytosol of distal segments of the nephron [22,26,15]. 
The aim of the present study was to investigate the effect of extracellular acidification 
on the process of K+ secretion in the collecting duct. To this end, primary cultures of 
immunodissected rabbit cortical collecting duct and connecting tubule were used. This 
culture system have been characterized extensively and retains several characteristics of 
the original epithelium, such as vitamin D3- and PTH-stimulated Ca2+ reabsorption and 
aldosterone-stimulated Na+ reabsorption and K+ secretion [1,36]. Our studies demonstrate 
that the inhibition of K+ secretion by acidification is due to extracellular, luminal 
interaction rather than to cytosolic interaction. 
MATERIALS AND METHODS 
Primary cultures of rabbit kidney cortical collecting system cells 
Cells from rabbit kidney connecting tubule and cortical collecting duct were isolated by 
immunodissection with mAb R2G9 from rabbit kidney cortex as described previously [ 1 ]. In short, 
New Zealand White rabbits were used. The cells were set in primary culture on (transparent) 
permeable filters (Costar, Badhoevedorp, NL) or on glass coverslips in culture medium equilibrated 
under 5% C02-95% air at 3TC. 
Determination of transepithelial potential difference 
Cortical collecting system cells cultured on permeable filters were washed twice and subsequently 
incubated with Ringer. pH of apical medium ranged from 5.6 to 8.0 whereas basolateral medium 
pH was kept constant at 7.4. Transepithelial potential difference was determined with Millicell-ERS 
Resistance system (Millipore Corporation, Bedford, MA). 
Determination of K+ secretion and Na+ absorption 
Cortical collecting system cells were incubated with aldosterone (IO-7 M) 16 h prior to the 
experiment. Filter cups were washed and incubated with Ringer (pH 7.4, unless indicated 
otherwise) at 37°C. For determining transcellular Na+ and K+ transport, 20 μ\ samples were 
removed from the apical compartment after 3 h. Differences between Na+ and K+ contents, 
determined with a flamephotometer(Eppendorf FCM 6343, Hamburg, Germany), before and after 
the incubation period were used to determine Na+ and K + transport rates. Na+ and K+ transport was 
linear up to 5 h. 
Transcellular short circuit current 
For Ussing chamber experiments filtercups were in part cut through horizontally for easy 
dissociation of the filter part just prior to the experiment. This way edge damage was minimalized. 
The filter was then placed between two half chambers containing incubation medium equilibrated 
with 5% СОг-95% air at 37°C. The pH of the incubation medium was 7.4 unless indicated 
otherwise. The primary cultures were incubated with aldosterone (IO-7 M) for 16 h prior to the 
experiments. Basolateral and apical compartments were connected via agar bridges and Ag-AgCl 
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electrodes to a voltage clamp amplifier (Physiological Instruments, San Diego, CA) and short circuit 
current Use) was recorded. Addition of 1 mM BaCl2 inhibited K+ conductance of the apical 
membrane responsible for K+ secretion [ 17,22]. Ba2+-sensitive Isc was used as a measure for active 
transcellularK* transport. 
Measurements of intracellular pH (pH,) in single cells 
The pH sensitive dye 2',7'-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF) was loaded into the 
cells during a 60 min incubation in culture medium supplemented with 5 μΜ BCECF acetoxymethyl 
ester (BCECF, AM), 0.4% (w/v) dimethyl sulfoxide (DMSO), 0.02% (w/v) pluronic F127 and 5% 
(v/v) decomplemented fetal calf serum. Hereafter the transparent filtercups were placed in a 
thermostated Leiden Chamber [2] mounted on an inverted Diaphot microscope (Nikon, Amsterdam, 
Netherlands) connected to a photomultiplier (Newcastle Photonic System, Newcastle, UK). The 
Leiden Chamber was modified to allow separate perfusion (2 ml/min) of the apical and basolateral 
compartments at 37°C. Fluorescence of individual cells was measured using a pinhole diaphragm 
selecting one cell at a time. The ratio of the light emitted at 515 nm after excitation with 490 and 440 
nm respectively was a measure for the intracellular pH (pH,). The pH, was calibrated as described 
previously [3 | . 
Identification of principal and intercalated cells by immunocytochemistrv 
Prior to measurements of pH,, cells were exposed to 0.5% (w/v) tetramethylrhodamine 
isothiocyanate-conjugated peanut lectin allowing identification of intercalated cells type β. Since 
most intercalated cells in cortical collecting system are of type β, unstained cells were considered 
principal cells [34]. 
Experimental procedures 
Culture medium: DME/F12 (1:1) (Gibco, Breda, NL) supplemented with 5% (v/v) decomplemented 
fetal calf serum; 50/<g/ml gentamicin; 0.5% (v/v) lOOx mixture of non-essential amino acids (Gibco, 
Breda, NL); 5 ^g/ml insulin; 5 ¡4g/mi transferrin; 50 nM hydrocortisone; 70 ng/ml PGEi; 50 nM 
Na2Se03; 5 pM triiodothyronine. Ringer (mM): 140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 5 glucose 
and 10 Hepes/Tris, pH 6.0, 7.4 or 8.0. Incubation medium: DME/F12 (1:1), pH adjusted to 7.4 
with 5% C02-95% air at 37°C. Incubation medium pH 6.0 was achieved by addition of HCl to a 
final concentration of 7 mM. Incubation medium pH 8.0 was achieved by addition of NaOH to a 
final concentration of 3 mM. Addition of equal amounts of Cl (NMGC1) or Na+ (NaCl) did not 
change Isc significantly. BCECF, AM and pluronic F127 was purchased from Molecular Probes 
(Eugene, OR). All other chemicals were obtained from Sigma (St. Louis, Missouri, USA). 
Statistical analysis 
In all experiments data were obtained from at least three separate isolations and expressed as mean ± 
SE for N=number of experiments. Analysis of variance was used to determine statistical differences 
between independent groups [5]. 
RESULTS 
Cultured rabbit kidney cortical collecting duct and connecting tubule, hereafter referred 
to as the cortical collecting system, shows a net Na+ absorption from the apical to the 
basolateral side of 1.0±0.1 /tmol.h'.cm- and a net K+ secretion from the basolateral to the 
apical side of 0.31±0.03 /<mol.h-i.cm-2. 
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Fig. I. 
Effect of extracellular pH on transepithelial potential 
difference VJE across cultured cortical collecting 
system cells. pH of apical Ringer was varied from 
5.6 to 8.0. Values are mean ± SE for \=4. 
Effect of apical pH on transepithelial potential difference 
Fig. 1 shows that acidification of apical medium (from 8.0 to 5.6) increased the lumen 
negative transepithelial potential difference (VTE) across cultured cortical collecting 
system cells from -16±4 to-36±5 mV. 
Effect of apical and basolateral pH on K+ secretion and Na+ absorption 
As shown in Fig. 2, lowering apical pH from 7.4 to 6.0 inhibits K+ secretion by 86±2 %. 
Increasing the apical pH from 7.4 to 8.0 stimulated K+ secretion by 52+8 %. In sharp 
contrast to these findings basolateral pH did not significantly affect transcellular K+ 
transport (p>0.1). Fig. 3 shows that lowering apical or basolateral pH does not 
significantly affect Na+ absorption (p>0.1). 
Effect of apical pH on Ba-+-sensitive short-circuit current (Isc) 
Another method to determine K+ secretion is measuring Ba?+-sensitive Isc· F'g· 4 shows 
that lowering apical pH from 7.4 to 6.3 significantly decreased Ba-+-sensitive Isc with 
67±11%. Increasing apical pH. however, did not significantly increase Ba-+-sensitive I s c 
(5±8%, p>0.5). 
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Fig. 2 
Effect of extracellular pH on net К^ transport from 
the basolateral to the apical compartment in cultured 
cortical collecting system cells. The pH of apical or 
basolateral Ringer was 6.0. 7.4 or И.О. Values are 
mean ± SE for .V=#. *. significantly different from 
control (pH 7.4) <p<0.05). 
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Table I 
pH, 
control 
7.4 ±0.1 
apical pH 6.2 
6.8 ± 0.2 * 
serosal pH 6.2 
6.8 ± 0.2 * 
Effect of extracellular pH on intracellular pH (pH,). Apical and basolateral pH was adjusted 
to pH 6.2 by TRIS/HEPES. The pH, was determined with the pH-sensitive probe BCECF. 
Values are mean ± SE for N=4. *, significantly different from control (pH 7.4) (p<0.05). 
Effect of apical and basolateral pH on intracellular pH 
Altering extracellular pH resulted in a rapid change of intracellular pH (pH,) in principal 
cells. A decrease in pH of apical or basolateral Ringer from 7.4 to 6.2, resulted in a similar 
decrease in pH, (from 7.4 to 6.8) as shown in Table I. 
DISCUSSION 
This study demonstrates that apical pH modulates K+ secretion across primary cultures of 
rabbit cortical collecting system, presumably by interaction of H+-ions with an 
extracellular site on apical K+ channels. 
K+ secretion was inhibited by a decrease in apical pH, whereas Na+ absorption 
remained unaffected. This is in line with the observed decrease in transepithelial potential 
difference ( V J E ) in response to acidification of the apical medium. The effect of pH must 
be mediated by an extracellular site on an apical K+ exit step, since acidification of the 
apical or basolateral medium decreased pH, to a similar value of 6.8, but only apical 
acidification resulted in inhibition of K+ secretion. Previously, inhibition of K+ transport 
by acidification of luminal medium was observed by O'Neil et al [17]. The site at which 
luminal pH inhibited K+ transport was not determined. Boudry et al. [35] described 
inhibitory effects of apical but not of basolateral pH on K+ secretion. This last study is in 
line with our findings that K+ secretion is not mediated by intracellular pH. In contrast to 
the present findings and those of O'Neil et al. [17] and Boudry et al. [35], Stanton et al 
[23] did not observe an effect of luminal alkalization or acidification on K+ secretion. In 
their study, K+ secretion was strongly dependent on pH of the basolateral solution. Wang 
et al. [22] concluded from these conflicting data that the effect of acidification was 
mediated through intracellular acidification 
Patch clamp techniques have been used to study effects of cytosolic pH on single 
channel activity of K+ channels. Acidification of the cytosol inhibits K+ channels from rat 
thick ascending limb of Henle's loop [19], rat cortical collecting tubule [22] and rabbit 
cortical collecting duct [15]. However, these ρΗ,-sensitive K+ channels, supposedly 
involved in K+ secretion [6,15], are not inhibited by acidification of the cytosol during 
exposure to basolateral medium with a low pH. This suggests that other, or at least more 
than one, K+ channels are involved in K+ secretion by cortical collecting system. 
However, Schlatter et al [25], who studied principal cells of rat cortical collecting duct, 
also observed contradiction between properties of single channels observed in patch 
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clamp studies and properties of macroscopic K+ conductances. Similarly, Na+ channels 
from frog skin [12] and rat cortical collecting tubule [18] are inhibited by acidification of 
the cytosol, whereas, we and Mori et al. [20] find no effect of acidification of the cytosol, 
due to apical acidification, on Na+ absorption. 
It has long been known that acid-base balance has a significant effect of K+ 
homeostasis. Acidosis increases while alkalosis decreases plasma K+ concentrations. In 
acute acidosis, the decrease in plasma K+ concentration can be explained by inhibition of 
K+ secretion in the distal tubule [37,15]. This is in line with our findings that luminal 
acidification inhibits K+ secretion. 
The mechanisms by which luminal pH inhibits K+ transport remains to be investigated. 
Speculatively, protonation of extracellular domains of K+ channels or competition of H + 
with K+ for the K+ binding site of the transporter in the apical membrane, could explain 
the observed inhibition. 
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Fig. 4 
Effect of extracellular pH on the Ba^-tensitive short-
circuit current (¡sc) across cultured cortical collecting 
system cells. Addition of HCl to the apical 
compartment lowered the pH to 6.0. Values are 
mean ± SE for N=7. *, significantly different from 
control (pH 7.4) (p<0.05). 
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Adenosine stimulates Ca2+ reabsorption 
across cortical collecting system via 
an A2b receptor 
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ABSTRACT 
Rabbit connecting tubules and cortical collecting ducts cells were isolated by 
immunodissection and subsequently cultured on permeable filters and glass coverslips. 
These cultures transported Ca2+ transcellularly at a rate of 96±2 nmol.h-1.cm-2. Addition of 
adenosine to the apical side of the monolayers dose-dependently increased Ca 2 + 
absorption (EC50 = 1.4±0.3 μΜ) with a maximal effect at ICH M (128±5%), whereas 
basolateral addition had no effect (101±6%). Apical adenosine also induced a dose-
dependent increase in cAMP formation (EC50 = 0.8±0.6 μΜ) with a maximal effect at 1(M 
M (130±7 %), and this implies the involvement of the A2 adenosine receptor. From 
additional studies, a.o. NECA, it is concluded that the Ai receptor Азь is involved. 
Adenosine also activates an Aj receptor, which results in transient increases in intracellular 
Ca2+ concentration ([Ca2+],), which were independent on extracellular Ca2+. Pretreatment 
of the cells with pertussis toxin (170 ng/ml for 16 hours) indicates that the adenosine A] 
receptor is coupled to PLC via a pertussis toxin-sensitive inhibitory G protein. Abolishing 
the [Ca-+], transient by loading the cells with Ca^+ chelator BAPTA, did not inhibit the 
adenosine-induced increase in Ca 2 + absorption. Also down-regulation of protein kinase С 
activity by culturing the cells in the presence of phorbol ester (TPA) for 5 days was 
without effect on the adenosine-induced increase in Ca2+ absorption. In conclusion, 
apical adenosine activates adenylyl cyclase through an Аіь receptor, which subsequently 
increases Ca-+ absorption across cortical collecting system in primary culture. 
Simultaneous activation of phospholipase С through an Ai receptor does not affect 
(adenosine-stimulated) Ca2+ absorption. 
INTRODUCTION 
In many tissues adenosine is involved in autoregulatory mechanisms affecting, for example, 
cardiac rate, lipolysis, smooth muscle tone, hemodynamics, hormone and neurotransmitter 
release and renal electrolyte transport [8, 9]. These actions are mediated by interaction of 
adenosine with extracellular adenosine receptors, which are coupled to guanine nucleotide 
binding-proteins (G proteins). At present three classes of adenosine receptors are known: 
Ai receptors consisting of A]
a
 and A|b receptors. AT receptors containing A ^ and Азь 
receptors and an A3 receptor [10,11|. Adenosine receptors can be coupled to multiple 
effector systems. For example, A2 receptors, via a stimulatory G proteins (G
s
), increase 
cAMP formation whereas A] receptors, coupled through pertussis toxin-sensitive 
inhibitory G proteins (G,) to adenylyl cyclase, decrease basal and hormone stimulated 
cAMP formation. [8, 9, 10, 23]. Binding of adenosine to A] receptors coupled to G, 
proteins may also alter phospholipase С activity [9, 10, 12, 13, 14]. 
Extracellular adenosine can originate from several sources. In the cell adenosine 
concentrations are maintained well below 1 μΜ by several enzymes [23,35]. Extracellular 
adenosine concentrations are linked to intracellular concentrations, since adenosine passes 
the cell membrane passively through adenosine transporters [23,35]. In addition, 
adenosine can be formed extracellularly from adenosine nucleotides that are broken down 
by 5'nucleotidases, which are present on connecting tubule and collecting duct cells 
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[23,35]. Extracellular adenosine can be inactivated by uptake via a nucleoside earner 
followed by deam i nation or phosphorylation [23]. 
In the kidney Α ι and A 2 receptors have been demonstrated in several parts of the 
nephron including glomeruli [8], thick ascending limb [8], papillary collecting duct [8], 
cortical collecting duct [8, 18, 19] and inner medullary collecting duct [8, 15, 16, 17]. 
Although adenosine receptors have been identified in renal epithelial cells, there is still 
limited knowledge about the effect of adenosine on solute transport in the kidney. In rats 
intrarenal infusion of adenosine has been reported to increase urinary flow and Na+ 
excretion independent of hemodynamic changes [27]. These findings could, at least in 
part, be explained by observed inhibitory effects of adenosine on vasopressin-stimulated 
water and Na+ transport in the collecting duct [15, 16, 25]. 
The aim of the present study is to investigate the effect of extracellular adenosine on 
Ca2+ reabsorption in the connecting tubule. To this end, rabbit connecting tubule and 
cortical collecting duct cells were isolated by immunodissection and subsequently seeded 
in high density on permeable supports. The confluent monolayers have been 
characterized extensively and retain several properties of the original epithelium, such as 
vitamin-D3- and PTH-stimulated Ca2+ reabsorption, aldosterone-stimulated Na+ 
reabsorption and K+ secretion [1]. In this model system the effect of adenosine on Ca-+ 
absorption is investigated. 
MATERIALS AND METHODS 
Primary cultures of rabbit cortical collecting system 
Rabbit cortical collecting duct and connecting tubule cells, hereafter referred to as the cortical 
collecting system, were immunodissected with monoclonal antibody R2G9. The cells were 
subsequently cultured in culture medium (equilibrated with 5% СОг-95% air at 37°C) on circular 
glass coverslips (0=22 mm) or 0.3 cm2 permeable filters (Costar, Badhoevedorp, NL) coated with 
rat tail collagen as described previously [1]. Experiments were performed on confluent monolayers 5 
to 8 days after seeding the cells. 
Determination of Ca2+ absorption 
Monolayers of rabbit cortical collecting system grown on permeable filters were washed twice and 
subsequently incubated with Ringer. After 90 min 20 μ\ samples were taken from the apical 
compartment and the Ca2+ concentration in these samples was determined (Boehringer, Mannheim, 
Germany). Hormone- and agonist-sensitive Ca2 + absorption was determined by incubating 
monolayers with hormones or agonists at the apical or basolateral side. The effect of BAPTA on 
Ca2+ absorption was studied by incubating the monolayers for 10 min with 15 μ M BAPTA 
acetoxymethyl ester (BAPTA, AM), 0.4 % (w/v) DMSO, 0.02 % (w/v) pluronic F127 and 4 % (v/v) 
decomplemented fetal calf serum, on both sides. 
Etown regulation of protein kinase С activity 
Protein kinase С activity in cortical collecting system cells was down regulated by incubating with 1 
μΜ 12-O-tetradecanoylphorbol 13-acetate (TPA) for 96 hours prior to the experiment [5]. 
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Inhibition of Gi-proteins with pertussis toxin 
Monolayers of rabbit cortical collecting system grown on permeable filters were preincubated with 
pertussis toxin (PTX, 170 ng/ml) for 16 hours prior to the experiment. 
Determination of intracellular Ca2+ concentrations 
The Ca2+-sensitive fluorescent dye fura 2 was loaded into cells by incubation at 37°C for 30 min with 
5 μΜ fura 2 acetoxymethyl ester (fura 2, AM), 0.4% (w/v) DMSO, 0.02% (w/v) pluronic F127 and 
4% (v/v) decomplemented fetal calf serum. Hereafter the cells, cultured on glass coverslips, were 
transferred to a thermostated "Leiden chamber" [2] and mounted on an inverted Diaphot microscope 
(Nikon, Amsterdam, NL). Subsequently, the cells were continuously superfused with Ringer 
(37°C). Images of the fluorescence of 30-40 cells emitted at 492 nm after excitation at 340 and 380 
nm, respectively, were captured by a CCD (charge coupled device) camera every 7 s (capture time 
0.32 s; average of 8 frames). The camera was connected to the MagiCal system (Joyce Loeble, UK), 
using TARDIS software for digital analysis as described in detail by Neylon et al [3]. Ratio's were 
given as a measure for intracellular Ca 2 + concentration. 
Determination of intracell ular cAMP formation 
The monolayers cultured on filters were washed twice and subsequently incubated with Ringer at 
37°C. Phosphodiesterase activity was blocked by 10 μΜ RO 20-1724. 3-Isobutyl-l-methylxanthine 
(IBMX) was not used since IBMX is an adenosine antagonist. The incubation was stopped after 10 
min when the filters were excised and rapidly transferred to eppendorf tubes containing 50 μ\ 0.2 M 
HCl. cAMP formation was determined according to Brown et al. | 6 | . Hormones were added to 
indicated compartments. 
Experimental procedures 
Culture medium: DME/F12 (1:1) (Gibco, Breda, NL) supplemented with 5% (v/v) decomplemented 
fetal calf serum; 50//g/ml gentamicin; 0.5% (v/v) lOOx mixture of non-essential amino acids (Gibco, 
Breda, NL); 5 /<g/ml insulin; 5 //g/ml transferrin; 50 nM hydrocortisone; 70 ng/ml PGE|; 50 nM 
Na 2 Se0 3 ; 5 pM triiodothyronine. Ringer (in mM): 140 NaCl; 2 KCl; 1 K 2 H P 0 4 ; 1 KH 2 P04; 1 
MgCl2; 1 CaCl2; 5 glucose; 5 1-alanine; 10 Hepes/Tris, pH 7.40. Fura 2, AM; BAPTA, AM and 
pluronic Fl 27 were obtained from Molecular probes (Eugene, Oregon, USA). RO 20-1724 and 
NECA (5'-n-ethylcarboxamidoadenosine) were obtained from RBI (Natick, MA, USA). All other 
chemicals were obtained from Sigma (St. Louis, Missouri, USA). bPTH(l-34) was dissolved in 5 
mM acetic acid containing 0.1% w/v albumin. RO 20-1724 was dissolved in ethanol. NECA was 
dissolved in 0.5 mM HCl. Pertussis toxin (PTX) was dissolved in MilliQ. 12-0-
tetradecanoylphorbol 13-acetate (TPA) was dissolved in DMSO. Results from experiments with 
vehicle alone were never significantly different from the control. 
Statistical analysis 
In all experiments, data were assessed from at least 3 isolations. Analysis of variance was used to 
determine statistical differences between independent groups [7]. 
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Fig. I 
The effect of adenosine, bPTH (1-34) and forskolin 
on Ca-* absorption across rabbit cortical collecting 
system in primary culture. Adenosine was added at a 
concentration of 0.1 mM to the apical or basolateral 
compartment, bPTH-(¡-34) and forskolin were added 
at a concentration of 0.1 mM to the basolateral 
compartment. Values are means ± SE (n^6). *, 
significantly different from control (P<0.05). 
RESULTS 
Effect of adenosine on Ca-+ absorption across rabbit cortical collecting system 
As shown in Fig. 1 Ca.-+ absorption across cortical collecting system is significantly 
stimulated by 0.1 mM adenosine when added to the apical side (126±8%, p<0.05) whereas 
basolateral addition did not significantly affect Ca-+ absorption (99±6%, p>0.2). The 
stimulatory effect of adenosine was compared with the effects of bPTH-(l-34) and 
forskolin. Basolateral addition of bPTH-( 1 -34) (0.1 mM) or addition of forskolin (0.1 mM) 
also increases Ca-+ absorption significantly by 11 ± 3 % and 28 ± 3 % respectively, 
p<0.05). The dose-response curve of adenosine stimulation of Ca-+ absorption is shown 
in Fig. 2Α(1.4±0.3μΜ). 
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Fif>. 2 Dose response curve of adenosine on Ca~* absorption {A) and formation ofcAMP 
(B) in cortical collecting system in primary culture. Adenosine was added at 
indicated concentrations to the apical compartment. In each experiment, maximal 
stimulation is set at 1004c. Maximal stimulation (A) 128±59c and(B)l57±lІЪ. 
Values are means ± SE (n>6). 
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Calcium absorption (nmol.lr'.cnr2) 
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The effect of adenosine on Ca-^ absorption (A) and formation ofcAMP (B) in 
rabbit cortical collecting system in primary culture pretreated with pertussis toxin 
or vehicle. Cells were cultured in the presence of 170 nglml pertussis toxin 
(PTX)for 16 hours to inhibit G, proteins. Subsequently, the PTX pretreated and 
control cells were exposed to 0.1 mM adenosine. Basal (blank bars) and PTX-
pretreated (dashed bars) values are presented. In each experiment basal cAMP 
levels are set at 1004c (J 18±13 pmol.10 min'.mg-' protein). Values are mean ± 
SE (n¿4). *, significantly different from corresponding control (P<0.05). 
Signal transduction pathways in adenosine-induced stimulation of Ca-+ absorption 
Involvement of adenylyl cyclase activation 
As shown in Fig. 8B addition of adenosine (0.1 mM) at the apical side of cultured cortical 
collecting system cells results in a significant increase in intracellular cAMP formation 
(130±7 %, p<0.05) suggesting A^ receptor-induced activation of adenylyl cyclase. 
Furthermore the dose-dependency of the adenosine-induced increase in cAMP formation 
was determined (Fig 2B). A maximal increase was found at adenosine concentrations of 
around 0.1 mM and an EC50 of 0.8±0.6 μΜ was calculated. 
Since binding of adenosine to Ai receptors, through pertussis toxin-(PTX-) sensitive G, 
proteins, inhibits adenylyl cyclase [8,9,10,23], the effect of pretreatment with PTX on 
adenosine-induced increases in Ca2+ absorption was investigated. However, pretreating 
cortical collecting system cells for 16 hours with pertussis toxin (PTX) does not 
significantly affect the stimulatory effect of adenosine on Ca-+ absorption when compared 
to untreated cells as shown in Fig. ЗА (122±2 % vs 127±2 % respectively. p>0.1). Basal 
Ca^+ absorption is also not significantly affected by PTX (0±2 %, p>0.9). 
Furthermore, the effect of PTX on cAMP formation was investigated. Pretreatment of 
cortical collecting system cells with PTX does not significantly affect the stimulatory effect 
of adenosine on cAMP formation when compared to untreated cells ( 119±9% vs 126±3%). 
(Fig. 3B)). Furthermore PTX has no effect on unstimulated cAMP formation (Fig. 3B). 
Involvement of phospholipase С activation 
As shown in Fig. 4A. extracellular adenosine (0.1 mM) induces a transient increase in 
the intracellular Ca-+ concentration ([Ca-+|,). Within seconds after application of 
adenosine, there is a fast rise in |Ca2+), from resting levels to maximal values above 200 
nM. After reaching a peak. [Ca-+|, returns to the basal level. Removal of extracellular 
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Fig. 4 Effect of adenosine on /Ca2+/, in primary cultures of rabbit cortical collecting 
system cells in the presence and absence of extracellular Ca2*, in cells pretreated 
with pertussis toxin. A) response to 0.1 mM adenosine in С a2+-containing 
medium. B) response to 0.1 mM adenosine in Ca2+ free medium containing 0.5 
mM EGTA. C) response to 0.1 mM adenosine and subsequent addition of 0.1 
mM extracellular ATP in cells pretreated with 170 nglml pertussis toxin for 16 
hours. Representative traces ofi experiments are shown. 
Ca-+ does not significantly affect adenosine-induced increases in [Ca2+]¡ as shown in Fig. 
4B (p>0.2). To investigate through which G-protein the Ai receptor activates 
phospholipase C. cells were preincubated with pertussis toxin, a known inhibitor of G, 
proteins. When these cells were exposed to 0.1 mM adenosine, the increases in [Ca-+]¡ 
were abolished. Subsequent addition of 0.1 mM ATP, however, still induce an increase in 
[Ca-+]j (Fig. 4C, p>0.8) [22 j . To corroborate further the effect of extracellular adenosine 
on [Ca2+]¡, a dose-response curve of the adenosine-induced increase in [Ca-+]j was 
obtained, as shown in Fig. 5. A maximal effect was found at adenosine concentrations 
around 0.1 mM. An EC50 of 0.3 ± 0.1 μΜ was calculated. 
This adenosine-induced increases in [Ca-+]¡ suggests Ai receptor activation of 
phospholipase C, resulting in IP3 and diacylglycerol (DAG) [33]. The stimulatory actions 
of adenosine can. therefore, be mediated by increases in [Ca^+Ji or by PKC activation. This 
was studied in two independent investigations. Buffering [Ca-+]¡ by loading the cells with 
BAPTA, abolishes adenosine-induced increases in [Ca2+]¡ (Fig. 6A (BAPTA), p<0.05). 
However, this manoeuvre has no effect on the stimulatory effect of adenosine on Ca-+ 
absorption (Fig. 6B, p<0.05). To investigate the role of PKC, cells of the cortical collecting 
(Ca2t|j (ГТ of maximal increase) 
100 
S) -
-9 -S -7 -Г. о -4 
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Fig. 5 
Dose-response curve of adenosine-induced increases 
in [Ca2* h in primary cultures of rabbit cortical 
collecting system cells. Stimulations were performed 
in fura-2 loaded cells in incubation medium 
supplemented with adenosine concentrations as 
indicated. Values are represented as percentage of 
maximal response (aRatio 0.2H±0.3). An EC50 of 
0.3 ±0.1 μ M was calculated. 
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Adenosine-induced increase in calcium absorption 
(Ve of corresponding connol) g 
Fig. 6 Effect of В APT A loading on adenosine-induced increase of /Ca^¡, (A) and 
stimulation of Ca -+ absorption (B) in primary cultures of rabbit cortical collecting 
system cells. At time zero, BAPTA. AM was added to the medium at a final 
concentration of 15 μΜ. Values are mean ± SE (N'k.ó). 
system were cultured in the presence of 10-6 м TPA for 5 days to down-regulate PKC 
activity and subsequently the effect of adenosine on Ca^+ absorption was determined 
(Fig. 7). Adenosine (0.1 mM) stimulates Ca^+ absorption across PKC down-regulated 
cells, with a similar potency as across untreated cultures (138±6% vs. 137±9%. P>0.2). 
Taken together, these results demonstrate that adenosine-induced stimulation of Ca-+ 
absorption is not mediated by PKC activation or [Ca-+], transients. 
Effect of nucleotide analogs on Ca-+ absorption and cAMP formation 
Subsequent studies were performed to identify the adenosine receptor subtype involved in 
adenosine-induced increase in Ca-+ absorption. Therefore, several agonists were tested 
(Fig. 8A). NECA. an A? receptor agonist, adenosine and AMP significantly stimulate Ca-+ 
absorption (115±5%, 116±3, 118±3, respectively, p<0.05), while ADP had no effect 
(94+4% p>0.2). The rank order of potency is NECA=adenosine=AMP>ADP. With 
respect to the formation of cAMP a similar rank order of potency exists: 
NECA=adenosine>AMP>ADP (129±3.6 (p<0.05), 130±7 (p<0.05), 107±7 (p>0.2). 94+3 
(p>0.2), respectively) (Fig. 8B). In addition. NECA dose-dependently increased cAMP 
formation with an EC50 of 0.3±0.1 μΜ (Fig. 9). 
DISCUSSION 
In the present study, we show that adenosine stimulates Ca-+ absorption across cortical 
collecting system by binding to apical Аіь receptors. We have addressed the question 
which signalling pathway is involved in this adenosine-induced action. In cortical 
collecting system cells adenosine stimulates adenylyl cyclase resulting in an increase in 
intracellular cAMP formation and subsequent activation of protein kinase A. The dose-
dependency of the adenosine-induced increase in cAMP formation and in Ca-+ absorption 
were similar and this suggests a causal relationship between both phenomena. The cAMP-
mediated increase in Ca-+ absorption is similar to PTH-induced stimulation of Ca-+ 
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Fig. 7 The effect of adenosine on Ca2+ absorption across rabbit cortical collecting 
system cells in primary culture pretreated with TPA or vehicle. Cells were 
cultured in the presence of ¡(У6 M TPA (dashed bars) for 5 days to down-regulate 
PKC as described previously /5/. The control cells (blank bars) were cultured 
during the same period in the presence of vehicle only. Subsequently, the PKC 
down-regulated and control cells were exposed to 0.1 mM apical adenosine. 
Values are mean ± SE (N>6). *, significantly different from corresponding 
control (P<0.05). 
absorption in the cortical collecting system [ 1 ]. In addition forskolin, an adenylyl cyclase 
activator, also stimulated Ca-+ absorption [1]. 
Classification of the adenosine receptor (sub)type 
Adenosine nucleotides bind to subtypes of the purinergic receptor family consisting in P| 
(adenosine receptors) and P2 receptors (ATP receptors). Pi receptors have a higher affinity 
for adenosine (adenosine » AMP = ADP = ATP), while P2 receptors have a higher affinity 
for ATP (ATP > ADP > AMP = adenosine) [33.34,9]. In this study, we show that C a ^ 
absorption is stimulated by apical adenosine and AMP and not by ADP, suggesting 
involvement of Pj receptors. AMP, however, does not bind to Pi receptors because Pi 
receptors do not bind charged agonists, which is the case for AMP due to a phosphate 
group [9]. Since our transport studies take 2 hours, it is likely that AMP is broken down to 
adenosine by 5'nucleotidases, present on cortical collecting duct cells [2335]. During the 
short cAMP generation experiments (10 min) insufficient amounts of adenosine are formed 
and no increase in cAMP formation was observed [9]. 
Adenosine uses most likely an AT receptor, since the estimated ECso's are in the 
micromolar range and this is in line with reported adenosine affinities of A2 receptors [231. 
Furthermore, the adenosine analog NECA was used to identify the A2 receptor subtype. 
The affinities of the A a^ and A2b receptors for NECA are in the nanomolar and micromolar 
range, respectively [35]. Our study suggests activation of an А2ь receptor, in view of the 
rank order of potency, NECA>adenosine as described by Strohmeier et al [26]. 
Activation of phospholipase С 
We also looked whether Ai receptors are involved. Ai receptors have been localized to 
the cortical collecting duct [18,19,20]. This study demonstrates that in cortical collecting 
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Fig. 8 The effect of extracellular nucleotides and SECA (10 4 M) on Ca-* absorption 
(A) and formation ofcAMP (B) in conical collecting sxstem in primary culture. 
In each experiment basal values are set at 1009c. Basal Ca-+ absorption 96±2 
nmol.h l.cm 2 and basal cAMP formation 74±7 pmol.iO min l .mg ] protein. 
Values are means ± SE (П2.3). *, significantly different from corresponding 
control (P<0.05). Values are mean ± SE (N>5). 
system cells, activation of Α ι receptors does not inhibit adenylyl cyclase activity through a 
G, protein, which is in line with the report of Dillingham and Anderson [25]. In cortical 
collecting system cells Aj receptors activate phospholipase C. which hydrolyses 
phosphoinositol bisphosphate (PIP2) into inositol trisphosphate (IP3) and diacylglycerol 
(DAG). IP3 induces increases in [Ca-+],, whereas DAG activates protein kinase С 
[18.19,20,12|. The present study confirms these findings since addition of adenosine to 
cortical collecting system cells induced pertussis toxin-sensitive increases in [Ca-+],. The 
Ca?+ transients originate from intracellular Ca-+ stores and not from Ca-+ influx since 
lowering extracellular [Ca-+| did not affect adenosine-induced increases in [Ca-+],. This is 
in line with the results obtained by Arend et al. [14]. The EC50 of adenosine-induced 
increases in [Ca-+], is in the micromolar range which is thousand-fold higher than usually 
reported for A | receptors [231. 
Activation of a P2 receptor by extracellular ATP, caused a transient increase in [Ca-+|, 
which decreased to a sustained elevated level [22] as is shown in Fig. 3C. This finding 
contrasts with the effect of adenosine, suggesting that different Ca-+ mobilizing 
mechanisms are involved upon activation of a Pi or P^ receptor. However, [Ca-+], 
transients and PKC activation are not involved in the adenosine-induced stimulation of 
cAMP lormation ('ί ol maximal stimulation) 
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Fig. 9 
Dose-response curve of NECA on the formation of 
cAMP in rabbit cortical collecting system in priman: 
culture. Values are represented as percentage of 
maximal stimulation (129±4ac). An ΕΓ.
η
 of 0.3 ± 
0.1 ¡iMwas calculated. Values are mean ± SE(N>3). 
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Ca-+ absorption since abolishing [Ca-+]¡ transients with BAPTA did not affect the 
stimulatory effect of adenosine. Also down regulating PKC activity by prolonged 
exposure to TPA, did not reduce the stimulatory effect of adenosine and this is a surprising 
finding since ATP-induced activation of PKC clearly inhibited Ca-+ absorption across the 
cortical collecting system [22]. We suggest that different isoforms of PKC are activated by 
Fig. 10 
A schemarical presentation of a 
principal cell from the conical 
collecting system. Adenosine can 
bind to an A¡ receptor thereby 
activating phospholipase С via a G, 
protein. The formed IP} releases 
Gi'+from intracellular Ca?+ stores 
and DAG activates protein kinase 
C. Adenosine also binds to an A 2 
receptor which via a G protein 
activates adenylyl cyclase. The 
с AMP-activated protein kinase A 
subsequently stimulates Cá¿+ 
absorption. 
In conclusion, our study provides evidence for the presence of an A2 receptor in the 
apical membrane of the rabbit cortical collecting system and demonstrates its potential role 
in modulating Ca-+ reabsorption. In the kidney, luminal adenosine originates from 
breakdown of extracellular adenosine nucleotides and, additionally, adenosine enters the 
lumen through nucleoside transporters present in connecting tubule, collecting duct and 
brush borders of proximal tubules [23Л5]. The kidney has therefore an additional tool to 
control tubular functions. Binding of adenosine to A2b receptors and the subsequent 
increase in cAMP formation by activation of adenylyl cyclase, increases Ca-+ absorption 
(Fig. 10). The simultaneous activation of phospholipase С by Ai receptors through G, 
proteins, however, does not interfere. The target of cAMP-activated protein kinase A may 
be either the apical Ca-+ entry mechanism or basolateral Ca-+ pumps and further studies 
are needed to delineate these targets. 
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ABSTRACT 
Rabbit connecting tubule and cortical collecting duct cells were isolated by 
immunodissection and cultured to confluency on permeable filters and on glass coverslips. 
Extracellular ATP dose-dependently reduced transcellular Na+ and Ca^+ transport (1С50= 
0.5±0.2 and 3.2±0.5 μΜ), with a maximal inhibition of 57±5 and 43±4 %, respectively. 
Purinergic receptor agonists inhibited transport with the following rank order of potency: 
UTP=ATP>ADP, suggesting involvement of Piu-purinoceptors. ATP also caused a dose-
dependent (EC5o= 1.5±0.2 μΜ) transient increase in intracellular Ca^+ concentration 
([Ca2+],) which decreased to a sustained elevated level. In the absence of extracellular 
Ca2+, a similar [Ca^+j, transient occurred, but the sustained response was abolished. 
Preloading the cells with the Ca2+ chelator BAPTA completely prevented the ATP-induced 
|Ca2+], transients, but not the ATP-induced inhibition of Na+ and Ca2+ absorption. 
Activation of protein kinase С (PKC) by the cell permeable 1,2-dioctanoyl-sn-glycerol 
mimicked ATP-induced inhibition of Na+ and Ca-+ absorption. The inhibitory effects of 
ATP were no longer observed after culturing cells in the presence of phorbol ester (TPA) 
for 5 days which resulted in down-regulation of cellular PKC activity. 
INTRODUCTION 
Extracellular ATP has been shown to play a significant role in many biological processes 
including neurotransmission, smooth-muscle contraction and relaxation, modulation of ion 
channels and cellular transport processes [10]. ATP is released into the extracellular space 
by synaptic release from neurons, by release from cytoplasmic stores and in more 
pathological situations from lysed cells [10,111- Concentrations of ATP reach sufficient 
levels to activate so-called Po-purinoceptors. In general, this class of purinoceptors 
couples to phospholipase С and produces both a rise in intracellular |Ca-+[ ([Ca-+|,) and 
activation of protein kinase С (PKC) [11]. 
Although effects of extracellular ATP have been investigated in various cell types, 
relatively few studies are known of ATP actions on renal epithelial cells [14]. Ρ 2-
purinoceptors have been shown to be present on established renal cell lines and on 
primary cultures of proximal tubules, suggesting that ATP is able to modulate ion transport 
across renal cells [1,8,18,21]. This was shown for the first time in A6 cells, which were 
originally derived from kidneys of Xenopus leaves and exhibit a distal tubule phenotype. 
In these cells, ATP increased [Ca^+J, and stimulated CI- secretion and Na+-K+-Cl-
cotransport [18]. 
The aim of the present study was to examine the effect of extracellular ATP on 
transcellular Na+ and Ca-+ transport in the rabbit cortical collecting system and the 
signalling pathway involved in the cellular response to ATP. For this purpose, primary 
cultures of ¡mmunodissected rabbit cortical collecting system cells were used, which retain 
many characteristics of the original epithelium [2]. This model system expresses an 
amiloride-sensitive lumen-negative transepithelial potential difference, and PTH- and 1,25-
dihydroxyvitamin E>3-sensitive transcellular Ca^+ transport [4]. 
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MATERIALS AND METHODS 
Primary cultures of cells from rabbit kidney cortical collecting system 
Rabbit kidney connecting tubule and cortical collecting duct cells, hereafter referred to as cortical 
collecting system, were immunodissected with MAB R2G9 and set in primary culture on permeable 
filters (0.3 cm2; Costar, Badhoevedorp, NL) or on 22 mm circular glass coverslips, as previously 
described in detail [5|. In brief, New Zealand white rabbits (=0.5 kg weight) were used. The culture 
medium was a 1:1 mixture of DME/F12 medium (Gibco, Breda, NL) supplemented with 5% (v/v) 
decomplemented fetal calf serum, 50 ^g/ml gentamicin, 10 μΙ/ml non-essential amino acids (Gibco, 
Breda, NL), 5 /<g/ml insulin, 5 /<g/ml transferrin, 50 nM hydrocortisone, 70 ng/ml PGE|, 50 nM 
Na2SeC)3 and 5 pM triiodothyronine, equilibrated with 5% C0 2 -95% air at 37 °C. All experiments 
were performed with confluent monolayers between 5-8 days after seeding the cells. 
Determination of transcellular short-circuit current 
Filter cups were mounted between two half-chambers (area 0.3 cm 2 ) and bathed at 37 °C with 
incubation medium containing (in mM): 140 NaCI; 2 KCl; 1 K 2 H P 0 4 ; 1 K H 2 P 0 4 ; 1 MgCl 2; 1 
CaCl2; 5 glucose; 5 l-alanine; 10 HEPES/Tris, pH 7.40 (unless otherwise indicated). The solutions 
bathing the monolayer were connected via agar bridges and Ag-AgCI electrodes to a vollage-clamp 
current amplifier (Physiological Instruments, San Diego, CA) and the short-circuit current (Isc) w a s 
recorded. The benzamil-sensitive component of Isc w a s u s e d a s a " estimate of transcellular Na+ 
transport. 
Determination of tran scellularCa2+-fluxes 
Filter cups were washed and bathed at 37 °C in incubation medium. Previously, we determined that 
transcellularCa2+ absorption from a medium containing 1 mM C a 2 + was linear up to three hours [6|. 
In the present study, Ca2^ absorption was established by removing duplicates of 25 μΐ apical fluid 
after 90 min of incubation in the presence or absence of test drugs. The Ca2+ content of the samples 
was assayed using a colorimetrie test kit (Boehringer, Mannheim, Germany) and Ca 2 + absorption 
was expressed in nmol.h-'.cnv2. 
The time-dependence of the inhibitory effect of ATP on Ca 2 + transport was investigated by 
determining the apical-to-basolateral 4 5 C a 2 + flux. The filter cups were washed twice with incubation 
medium containing 1 mM Ca 2 + (37 CC) and 0.4 μ Ο -*5Ca2+ was added to the apical compartment. At 
6 min intervals, 20 μ\ samples were taken from the basolateral compartment and counted for 
radioactivity. 
Measurement of [Ca2+1, in single cells 
The Ca2+-sensitive fluorescent dye, fura-2, was loaded into the cells during a 30 min incubation of 
the monolayer at 37 °C in DME/F12 medium (Gibco, Breda, NL) supplemented with 5 μΜ fura-2 
acetoxymethyl ester (fura-2 AM), 0.4 % (w/v) DMSO, 0.02 % (w/v) pluronic F127 and 4 % (v/v) 
decomplemented fetal calf serum. Thereafter, cell cultures were washed twice with incubation 
medium. Subsequently, coverslips were transferred to a thermostated "Leiden" chamber mounted on 
the stage of an inverted Diaphot microscope (Nikon, Amsterdam, NL) and connected to a MagiCal 
System (Applied Imaging Systems, UK) in which emitted light is captured with a CCD camera 
followed by digital imaging using TARDIS software 115]. The cells were continuously superfused 
(2 ml/min) with medium and the temperature was maintained at 37 °C. The fluorescence of several 
adjacent cells emitted at 492 nm was collected at 0.5 sec intervals at the excitation wavelengths 340 
and 380 nm. (Ca 2 + | , was calculated from calibrated 340/380 ratios corrected for background 
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fluorescence as previously described in detail [15]. The monolayers were exposed to 0.5 % (w/v) 
FITC-conjugated peanut lectin during the fura-2 AM loading procedure, allowing identification of 
type В intercalated cells before starting [Ca2*], measurements [4]. The majority of cells (-60%) were 
peanut lectin negative and therefore identified as principal cells derived from either connecting tubule 
or cortical collecting duct. The responses of a large number of peanut lectin negative cells were 
analyzed and averaged. 
Experimental procedures 
Collagenase A and hyaluronidase were obtained from Boehringer (Mannheim, FRG). Fura-2 AM, 
BAPTA AM and pluronic F127 were purchased from Molecular Probes (Eugene, OR). 45СаСЬ was 
purchased from Amersham ('s-Hertogenbosch, NL). All other chemicals were obtained from Sigma 
(St. Louis, MO). ATP and other nucleotides were dissolved in water, as 2-O-tetradecanoylphorbol 
13-acetate (TPA), 1,2-dioctanoyl-sn-glycerol, fura-2 AM and BAPTA AM were dissolved in DMSO. 
Final vehicle concentrations never exceeded 0.1 % (v/v). Ca2+ free medium consisted of incubation 
medium without СаСІг, but with 0.5 mM EGTA. Results from experiments with vehicle alone were 
never significantly different from the control. 
Statistical analysis 
In all experiments, data were assessed from at least three separate isolations and expressed as the 
mean ± SE for N=number of experiments. Statistical differences between the mean values were 
determined by analysis of variance [24]. Unpaired Student's / tests were used to determine statistical 
differences between two independent groups. 
RESULTS 
Effect of extracellular ATP on Na+ and Ca-+ absorption 
In Fig. 1A it is shown that 1(H M ATP added to the apical or to the basolateral side of the 
monolayers significantly inhibited benzamil-sensitive Isc by 56 ± 8 and 44 ± 15 %, 
respectively (P<0.05). ATP on both sides further increased inhibition of benzamil-sensitive 
Isc to 80 ± 5 % (P<0.05). In addition, ATP inhibited Ca2+ absorption by 11 ± 3 and 15 ± 2 
% when added to the apical or to the basolateral side, respectively (Fig. IB). The 
inhibitory effects on Ca2+ absorption were additive since addition of ATP to both 
compartments reduced Ca-+ absorption by 28 ± 2 % (P<0.05). In all following 
experiments, only apical effects of ATP or related nucleotides on benzamil-sensitive Isc 
were studied. Since the inhibitory action of ATP on Ca2+ absorption was much smaller, 
nucleotides were applied to both compartments in Ca-+ absorption assays. 
The short-term effects of ATP on benzamil-sensitive Isc and Ca2+ absorption were 
studied, as presented in Fig. 2. Transepithelial Na+ transport was immediately inhibited 
after addition of ATP and a maximal inhibition was apparent after 10 minutes. Similarly, 
apical-to-basolateral 45Ca2+ flux was significantly reduced within 15 minutes after 
application. 
In Fig. 3 the dose-response curves of ATP-induced inhibition of benzamil-sensitive Isc 
and Ca2+ absorption are shown. In both cases a maximal reduction was achieved at 10^ 
M ATP and the IC50 was 0.5 ± 0.2 and 3.2 ± 0.5 μΜ, respectively. 
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Fig. 1 Effect of extracellular ATP on benzamil-sensitive ¡sc (A) and Ca?* absorption (B) 
in rabbit cortical collecting system in primary culture. ATP was applied to the 
apical, basolateral or both sides at a concentration oflO-4 M. Values are mean ± 
SE (N= 15). *, significantly different from control (P<0.05). 
To characterize the ATP receptor class mediating the inhibitory response to ATP, effects 
of other nucleotides on Na+ and C&-+ absorption were investigated. Fig. 4 demonstrates 
that UTP and ATP (both 1(H M) reduced benzamil-sensitive Isc and Ca^+ absorption with 
a similar potency, while ADP was ineffective (P>0.2). Also AMP and adenosine did not 
mimiek the inhibitory effect of ATP on Na+ and Ca-+ absorption (data not shown). 
Furthermore, the dose-response curve of UTP-induced inhibition of benzamil-sensitive Isc 
and C&-+ absorption yielded an 1С50 of 1.7 ± 0.1 and 2.5 ± 0.2 μΜ, respectively (Fig. 5). 
These values are similar to the obtained IC50S for ATP. Taken together, this rank order of 
potency suggests that ATP exerts its inhibitory action on Na+ and Ca-+ absorption 
through a P^-type of purinoceptor [10]. Furthermore, these observations suggest that 
degradation of ATP by ectonucleotidases resulting in the formation of ADP, AMP and 
adenosine is not responsible for the observed inhibition. 
200 η 
В 
20 60 80 WO 
Time (mint 
Fig. 2 Time-dependent effect of extracellular ATP on: A) benzamil-sensitive ¡sc- At t = 5 
min ATP (IO4 M) was added to the apical compartment. B) -t^Col* flux from 
apical-to-basolateral compartment. At t = 32 min ATP (Δ, IO-·* Xi) or vehicle (O) 
was added to both compartments. Representative traces of 4 experiments are \hown. 
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Fig. 3 Dose-response curve of extracellular ATP on benzamil-sensitive ¡sc (A) and Ca2* 
absorption (B) in rabbit cortical collecting system in primary culture. Values are 
represented as percentage of maximal inhibition. AnIC¡o of 0.5 ± 0.2 μΜ(Α) and 
3.2 ± 0.5 μΜ (В) was calculated. Values are mean ± SE (N=91 
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Fig. 4 Effect of extracellular nucleotiaes f ΙΟ4 M) on benzamil-sensitive ¡sc (A) and Ca2^ 
absorption (B) in rabbit cortical collecting system in priman' culture. Values are 
mean ± SE (N=9). *, significantly different from control (P<0.05). 
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Fig. 5 Dose-response curve of extracellular UTP on benzamil- sensitive ¡sc i A) and Ca2-
absorption (B) in rabbit cortical collecting system in primary culture. Values are 
represented as percentage of maximal inhibition. An 1С¡o of 1.7 ± 0.1 μΜ ΙΑ) and 
2.5 ± 0.2 μΜ (В) was calculated. Values are mean ± SE (,\=2). 
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Effect of extracellular ATP on intracellular [Ca-+1 
Extracellular ATP (1(M M) induced a transient increase in [Ca2+], in individual cells of the 
cortical collecting system, as depicted in Fig. 6. Within seconds after application of ATP, 
there is a fast rise in [Ca2+|, from resting levels to maximal values above 200 nM. After 
reaching a peak, ICa^+J, returned to a sustained level which was within a few minutes 
slightly above the initial value, even in the continuous presence of ATP. Subsequent 
removal of extracellular Ca^+ decreased this plateau to values not distinguishable from 
background levels. In Ca-+-free medium, the ATP-induced transient response leveled 
down to a sustained level which was below the initial value, but increased again upon re-
application of Ca2+ (Fig. 6B). In the absence of extracellular Ca-+ there was a small 
decrease in the peak height: 197 ± 17 versus 264 ± 17 nM in the presence of Ca2+ 
(P<0.05). These data suggest that ATP-stimulated increase of [Ca2+], involves both Ca2+ 
release from intracellular stores and Ca2+ influx from extracellular medium. 
To corroborate further the effect of extracellular ATP on [Ca2+],, a dose-response curve 
of the ATP-induced increase in [Ca2+|, was obtained, as shown in Fig. 7. A maximal effect 
was found at ATP concentrations around 10 *^ M. An EC50 of 1.5 ± 0.2 μΜ was calculated 
which is of similar magnitude as the IC50 obtained for the ATP-induced inhibition of Na+ 
and Ca-+ absorption. 
Fig. 8 shows a representative experiment, in which the responses to UTP and ADP 
obtained in a single cell of the cortical collecting system were compared to the effect of 
ATP. All three nucleotides increased [Ca2+][ transiently, which was followed by a 
sustained phase. The nucleotide-induced maximal and plateau values are summarized in 
Table I. These findings confirm the conclusion that ATP activates Po-purinoceptors in 
primary cultures of the cortical collecting system. 
Signal transduction pathways in Na+ and Ca^+ absorption inhibition 
The ATP-induced increase in [Ca2+]¡ suggests Pi-purinoceptor activation of phospholipase 
C, resulting in IP3 and diacylglycerol (DAG) [10]. In principle, the inhibitory actions of 
ATP may be mediated by either [Ca2+], or PKC activation or both. Experiments were 
performed to delineate the signal transduction pathway involved in inhibition of Na+ and 
Ca2+ absorption. 
Table I 
Ю-» M 
UTP 
ATP 
ADP 
Peak 
Л[Са2+], (nM) 
134 ± 12 
172 ± 12 
154 ± 3 0 
Plateau | 
Д[Са2+], (nM) 
20 ± 4 
20 ± 3 
14 ± 7 
The nucleotide-induced peak and plateau levels of |Ca2+], are represented. Values are mean ± SE 
(N=20). 
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Fig. 6 Effect of extracellular ATP on [Ca2* /, m primary cultures of rabbit cortical collecting 
s\stem cells in the presence and absence of extracellular Ca2*. A) response to ¡(У4 
M ATP in Ca2* -containing medium and subsequent removal of extracellular Ca2* by 
the addition of 2 mM EGTA ([Ca2*]0 = 0 mM). В) response to 10" M ATP in Ca2* 
free medium containing 0 5 mM EGTA and subsequent addition of 2 mM CaCl·-
Representative traces of 5 experiments are shown. 
Therefore, cells of the cortical collecting system were loaded with the Ca2+ chelator 
BAPTA to prevent the ATP-induced increase in [Ca^+h. As shown in Fig. 9A, preloading 
the monolayers for 5 min with 15 μΜ BAPTA AM, abolished the ATP-induced [Ca-+], 
response, but this manoeuvre failed to reduce the ATP-induced inhibition of Na+ and Ca 2 + 
absorption (Fig. 9B, P>0.2). This result provides strong evidence that the [Ca^+], pathway 
is not mediating the ATP-induced transport inhibitions. 
In a previous study, we reported that pharmacological activation of PKC by 12-O-tetra-
decanoylphorbol 13-acetate (TPA) had a dual effect on Na+ and Ca-+ absorption [3]. 
Short-term exposure (e.g. minutes) to TPA, increased PKC activity and decreased Na+ and 
Ca2+ absorption, whereas long-term exposure (e.g days) resulted in down-regulation of 
total cellular PKC activity with a complete recovery of transcellular Na+ and Ca-+ 
transport rate. In the present study, 1,2-dioctanoyl-sn-glycerol ( 10-4 M), a cell permeable 
DAG analog, essentially mimicked the inhibitory effect of ATP on Na+ and Ca-+ 
absorption, as shown in Fig. 8. Furthermore, cells of the cortical collecting system were 
cultured in the presence of ΙΟ-6 M TPA for 5 days to down-regulate PKC activity and 
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Fig 7 
Dose-response curve of extracellular ATP-mediated 
[Ca2* I, increase in primary cultures of rabbit cortical 
collecting system cells. Stimulations were carried out 
in fura-2 loaded cells in incubation medium 
supplemented with ATP concentrations as indicated. 
Values are represented as percentage of maximal 
response. An EC so <>f 1-5 ± 0.2 μΜ was calculated. 
Values are mean ± SE (Λ'= 16). 
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subsequently the effect of ATP on Na+ and Ca2+ absorption was determined (Fig. 10). 
ATP (1(M M) was no longer able to inhibit Na+ and Ca^+ absorption when cells were 
cultured in the presence of TPA (P>0.2). Taken together, these results strongly suggest 
that ATP-induced inhibition of Na+ and Ca-+ absorption is mediated by PKC activation. 
DISCUSSION 
The present study demonstrates that extracellular ATP inhibits Na+ and Ca2+ absorption in 
rabbit cortical collecting system in primary culture via activation of a P2u-purinoceptor 
coupled to phospholipase С which produces both a rise in [Ca2+], and activation of PKC. 
The inhibitory actions of ATP are mediated by the PKC-dependent pathway, while the 
Ca-+-dependent route was not essential. 
Extracellular ATP is known to induce a variety of responses by acting on purinergic 
receptors in several cell types [10,11]. Purinergic receptors have been classified into two 
groups based on agonist selectivity: ATP and UTP preferring P^-purinoceptors and 
adenosine preferring Pi-purinoceptors. In the present study, the rank order of potency for 
inhibition of Na+ and Ca-+ absorption was UTP = ATP > ADP, which suggests that the 
inhibitory effect of ATP is mediated by Po-purinoceptors. Since previous studies have 
demonstrated that UTP has little effect on P2-receptor subtypes like P2\,P2>>P2z and P21.it 
appears that in our model system the purinoceptor activated by ATP is the nucleotide 
subtype, i.e. Piu 110]. The effect of ATP was further characterized by a dose-dependent 
inhibition of Na+ and Ca^+ absorption with an IC50 value in the micromolar range and a 
maximal inhibition of ~50 %. 
We have addressed the question which signalling pathway is involved in inhibition of 
Na+ and Ca^+ absorption. ATP, UTP and ADP initiated a comparable increase in [Ca2+],. 
For instance, extracellular ATP evoked a transient rise in [Ca2+], which is primarily due to 
release of Ca-+ from internal stores. Agonist interaction^with P^-purinoceptors has 
frequently been shown to activate also plasmalemmal Ca^+ channels [10,11]. This was 
indeed the case in rabbit cortical collecting system cells, since the sustained phase was 
totally dependent on extracellular Ca2+. Thus, our data is consistent with an ATP receptor 
that activates phospholipase С resulting in IP3 and DAG, as has been shown in a variety of 
cells [10,19]. 
The dose-dependency of the ATP-induced increase in [Ca2+]i and subsequent 
functional effects displayed a similar potency, which suggests a causal relationship 
between [Ca2+], and the inhibition of Na+ and Ca2+ absorption. However, when cells 
were loaded with the Сл-+ chelator BAPTA to quench increases in [Са^+],, the ATP-
induced inhibition of Na+ and Ca^+ absorption remained essentially unaltered, which 
strongly suggests that there is no functional relationship between these two ATP-induced 
processes. This finding is remarkable in view of the consensus that an increase in [Ca2+], is 
an important signal transduction pathway in cellular responses to hormones. For instance, 
there is considerable evidence that transepithelial Na+ transport is regulated in part by 
changes in [Ca2+], which directly affect the apical Na+ channel [13]. In this respect it is of 
interest that Palmer and Frindt suggested that the inhibitory effect of increased [Ca2+], on 
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UTP 
Fig. 8 Effect of extracellular nucleotides (10-* M)on ¡Ca?* /¿ in primary cultures of rabbit 
cortical collecting system cells. Representative traces of 4 experiments are shown. 
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Fig. 9 Effect of BAPTA loading on ATP-induced increase of [Ca2+k (A) and inhibition 
of benzamil-sensitive ¡sc cmd Ca2* absorption (B) in primary cultures of rabbit 
cortical collecring system cells. At time zero, BAPTA AM was added to the 
medium at a final concentration of ¡5 μΜ. ATP was added to the medium at a 
final concentration of 10-* M. Values are mean ± SE (N= 15). 
control 
Fig. 10 The ATP-induced inhibition of benzamil-sensitive l$c and Ca2+ absorption in 
rabbit cortical collecting system in primary culture is mediated by protein kinase 
C. Cells were cultured in the presence of ΙΟ-6 M TP A (TPA ) for 5 days to down-
regulate PKC as described previously [3/. The control cells (control) were 
cultured during the same period in the presence of solvent only. Subsequently, 
the PKC down-regulated and control cells were exposed to НУ4 M ATP. In 
addition. IO-4 .VI 1,2-dioctanoyl-sn-glycerol (DAG), a cell permeable 
diacvlglvcerol analog, was added to the control cells. Values are mean t SE 
(N=9). *. significantly different from control (P<0.05). 
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Na+ reabsorption in the cortical collecting duct was indirect and dependent on some 
additional effector [7,20]. Likewise, for transcellular Ca2+ transport it has been proposed 
that [Ca2+|, plays a role in a negative feedback mechanism of apical Ca-+ entry |12 | . 
However, from our data it is clear that ATP exerts its inhibitory action on Na+ and Ca2+ 
absorption via another pathway than the [Ca2+|, transients. 
ADP increased [Ca2+], with equipotency to ATP and UTP, but had no detectable effect 
on Na+ and Ca-+ transport. This further suggests that the effect of ATP on [Ca2+], and ion 
transport can be dissociated and implies that ADP and ATP activate distinct purinergic 
receptor subtypes. In diverse cell types it has been shown that ATP and ADP induced 
increases in [Ca-+|, are mediated by several distinct mechanisms of action [10]. Thus, it is 
generally difficult to relate a nucleotide-induced increase in [Ca2+], by activation of a 
purinergic receptor to its physiological role [11]. 
Previously, we have demonstrated that the phorbol ester TPA inhibits Na+ and Ca2+ 
absorption in primary cultures of the rabbit cortical collecting system [3]. In other studies 
it was also shown that exogenous diacylglycerols and phorbol esters inhibit Na+ 
absorption and K+ secretion in the collecting duct [7]. Cell-attached patch-clamp studies 
suggest that PKC activation decreases Na+ channel activity in the apical membrane of 
rabbit collecting ducts in primary culture [16|. In our present study, these findings are 
further substantiated by two independent lines of evidence. First, the cell permeable DAG 
analog, 1,2-dioctanoyl-sn-glycerol, fully mimicked the ATP-induced inhibition of Na+ and 
Ca-+ absorption. Second, down-regulation of PKC activity completely abolished the 
inhibitory effect of ATP. These findings strongly imply that PKC activation is responsible 
for the ATP-induced inhibition of Na+ and Ca2+ absorption in the rabbit cortical collecting 
system. 
At present it is known that PKC exists as a family of at least 12 isoenzymes, all having 
closely related structures but differing in tissue expression and in substrate specificity [9]. 
Most PKC isoenzymes require micromolar [Ca2+|, and DAG for activation, while some, 
including δ, ε, η , θ and ξ exhibit Ca2+-independent activation. To date three isoenzymes, 
α, β and ξ have been detected in the kidney [7]. Our data implies that a Ca2+-independent 
subtype of PKC is involved in the actions of ATP. Interestingly, in rat renal mesangial cells 
PKC-ε has been shown to mediate the cellular response induced by extracellular ATP and 
UTP [22]. Further biochemical studies, however, are needed to identify the hormonally 
activated PKC isoenzymes in the cortical collecting system. 
The present study adds physiological relevance to the previously demonstrated PKC-
mediated inhibition of Na+ and Ca2+ absorption in the cortical collecting system. Since the 
kidney is a particularly rich source of ATP and UTP, it is intriguing to consider the presence 
of Pi-purinoceptors as a means of regulation of renal ion transport processes [18]. ATP can 
accumulate in the extracellular space either during normal metabolism or in pathological 
conditions by release from several cell types present in the kidney, including neuronal, 
endothelial and smooth muscle cells [14]. Locally, ATP concentrations may amount to the 
micromolar range, exceeding the concentrations required to evoke cellular responses [14|. 
Studies in cultured renal epithelial cells, such as proximal tubules, cortical collecting system, 
LLC-PK], MDCK and A6 cells, illustrate the presence of functional ATP receptors and 
hence the potential to modulate electrolyte and water transport [present study, 1,8,18,21]. 
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The existence of a P^u-receptor in the kidney has been shown recently [17]. The cloning 
and expression of a P^u-receptor in neuroblastoma cells was reported and Northern blot 
analysis revealed that this receptor is expressed in the kidney [17]. In addition, Rouse et al 
demonstrated that extracellular ATP via activation of a P^u-receptor subtype inhibits the 
hydrosmotic effect of AVP in isolated perfused rabbit cortical collecting ducts [23]. 
In conclusion, our study provides evidence for the presence of ATP receptors in rabbit 
cortical collecting system in primary culture and demonstrates its potential role in 
modulating ion transport processes in this nephron segment. Binding of ATP to Piu-
purinoceptors, activation of phospholipase С and a Ca-+-independent PKC isoenzyme are 
the most likely biochemical events accumulating in inhibition of Na+ and Ca2+ 
reabsorption. The target or substrate for PKC may be either apical Na+ and Ca2+ channels 
or basolateral Na+-K+-ATPase, Ca2+-ATPase or Na+-Ca2+ exchange. However, elucidation 
of these targets requires biochemical studies which were so far not feasible, but become 
now a realistic option, since we have shown that primary cultures of rabbit cortical 
collecting system cells provide a physiological alternative for isolated perfused tubules. 
REFERENCES 
1 Anderson RJ, В ree kon R, Dixon BS: ATP receptor regulation of adenylate cyclase and protein 
kinase С activity in cultured renal LLC-PK1 cells. J. Clin. Invest. 87:1732-1738, 1991 
2 Bindeis, RJM: Calcium handling by the mammalian kidney. J. Exp. Biol. 184:89-104, 1993 
3 Bindels RJM, Dempster JA, Ramakers PLM, Willems PGHM, van Os CH: Effect of protein 
kinase С activation and down-regulation on active calcium transport across rabbit renal collecting 
system. Kidney Int. 43:295-300, 1993 
4 Bindels, RJM, Hartog A, Abrahamse SL, van Os CH: Effects of pH on apical calcium entry and 
active calcium transport in rabbit cortical collecting system. Am. J. Physiol. 266:F620-F627, 
1994 
5 Bindels RJM, Hartog A, Timmermans JAH, van Os CH: Active Ca2+ transport in primary 
cultures of rabbit kidney CCD: Stimulation by 1,25-dihydroxyvitamin D3 and PTH. Am. J. 
Physiol. 261:F799-F807, 1991 
6 Bindels RJM, Ramakers PLM, Dempster JA, Hartog A, van Os CH: Role of Na+-Ca2+ exchange 
in transcellular Ca2+ transport across primary cultures of rabbit kidney collecting system. 
Pfliigers Arch. 420:566-572, 1992 
7 Breyer MD, Ando Y: Hormonal signaling and regulation of salt and water transport in the 
collecting duct. Ann. Rev. Physiol. 56:711-739, 1994 
8 Cejka JC, Bidet M, Taue M, Poujeol Ρ: Nucleotides mobilize intracellular calcium stores of renal 
proximal cells in primary culture - existence of a suramin-sensitive mechanism. Biochim. 
Biophys.Acta 1176:7-12,1993 
9 Dekker LV, Parker PJ: Protein kinase С - a question of specificity. TIBS 19:73-77, 1994 
10 Dubyak GR, El-Moatassim C: Signal transduction via P2-purinergic receptors for extracellular 
ATP and other nucleotides. Am. J. Physiol. 265:C577-C606, 1993 
11 Elmoatassim C, Dornand J, Mani JC: Extracellular ATP and cell signalling. Biochim. Biophys. 
Acta 1134:31^5, 1992 
12 Feher JJ, Fullmer CS, Wasserman RH: Role of facilitated diffusion of calcium by calbindin in 
intestinal calcium absorption. Am. J. Physiol. 262:C517-C526, 1992 
64 
EXTRACELLULAR ATP 
13 Frindt G, Windhager ЕЕ: Ca2+-dependent inhibition of sodium transport in rabbit cortical 
collecting tubules. Am. J. Physiol. 258:F568-F582, 1990 
14 Inscho EW, Mitchell KD, Navar LG: Extracellular ATP in the regulation of renal microvascular 
function. FasebJ. 8:319-328, 1994 
15 Koster HPG, van Os CH, Bindels RJM: Ca2 + oscillations in cells from the rabbit renal cortical 
collecting system induced by Na+-free solutions. Kidney Int. 43:828-836, 1993 
16 Ling BN, Kokko KE, Eaton DC: Inhibition of apical Na+ channels in rabbit cortical collecting 
tubules by basolateral prostaglandin-E2 is modulated by protein kinase C. J. Clin. Invest. 
90:1328-1334, 1992 
17 Lustig KD, Shiau KD, Brake AJ, Julius D: Expression cloning of an ATP receptor from mouse 
neuroblastoma cells. Proc. Natl. Acad. Sci. USA 90:5113-5117, 1993 
18 Middleton JP, Mangel AW, Basavappa S, Fitz JG: Nucleotide receptors regulate membrane ion 
transport in renal epithelial cells. Am. J. Physiol. 264:F867-F873, 1993 
19 Olsson RA, Person JD: Cardiovascular purinoceptors. Phys. Rev. 70:761-845, 1990 
20 Palmer LG, G Frindt: Effects of cell Ca and pH on Na channels from rat cortical collecting tubule. 
Am. J. Physiol. 253:F333-F339, 1987 
21 Paulmichl M, F Lang: Enhancement of intracellular calcium concentration by extracellular ATP 
and UTP in Madin Darby Canine Kidney cells. Biochem. Biophys. Res. Commun. 156:1139-
1143, 1988 
22 Pfeilschifter J, Merriweather C: Extracellular ATP and UTP activation of phospholipase-D is 
mediated by protein kinase c-ε in rat renal mesangial cells. British J. Pharmacol. 110:847-853, 
1993 
23 Rouse D, Leite M, Suki WN: ATP inhibits the hydrosmotic effect of AVP in rabbit CCT: 
evidence for a nucleotide P 2 u receptor. Am. J. Physiol. 267:F289-F295, 1994 
24 Snedecor GW, Cochran WG: Statistical methods, The Iowa State University Press, Ames, Iowa, 
1974 

CHAPTER 6 
Ca2+ oscillations in the rabbit renal 
cortical collecting system 
induced by Na+ free solutions 
Henk P.G. Koster, Carel H. Van Os 
and René J.M. Bindeis 
in: Kidney Int. 43:828-836, 1993 
CHAPTER 6 
ABSTRACT 
The presence of a Na+-Ca2+ exchange system has been previously demonstrated at the 
basolateral side of the cortical collecting system. The role of such an exchanger in main­
taining low intracellular [Ca2+| ([Ca2+|,) in this nephron segment is now investigated. 
Cells from the connecting tubule and cortical collecting duct of rabbit kidneys were 
isolated by immunodissection with mAb R2G9 and subsequently cultured on glass 
coverslips. [Ca2+], was measured in single cells using quantitative fluorescence 
microscopy. Surprisingly, isoosmotic substitution of extracellular Na+ ([Na+Jo) for N-
methylglucamine generated [Ca-+1, oscillations in individual cells instead of an anticipated 
sustained increase in [Ca^+J,. The amplitude of these oscillations ranged between 150 to 
600 nM (average 308 ± 19 nM) and occurred at a frequency of 0.63 ± 0.03 min 1 , with a 
duration of 44 ± 2 sec per spike. Oscillations were only observed in response to [Na+]o 
less than 5 raM and lasted until Na+0 was re-introduced. The compound U73122 (10 //M), 
a new phospholipase С inhibitor, inhibited [Ca^+J, oscillations, which strongly suggests 
that IP3 generation initiates [Ca^+j, oscillations. [Ca?+], oscillations were independent of 
extracellular Ca2+ and could not be inhibited by lanthanum ions, indicative for an 
intracellular source for the generation of Ca2+ spikes. Addition of thapsigargin, a specific 
inhibitor of endoplasmic reticulum Ca2+-ATPase activity, induced a considerable 
intracellular Ca2+-release, after which (Ca2+|, oscillations could no longer be provoked. 
Caffeine (20 raM) reversibly inhibited the Ca^+ oscillations, which implies that Ca2+-
induced Ca2+ release is involved in generating these oscillations. Protein kinase С 
activation by the phorbol ester, TPA (10« M), interrupted [Ca-+], oscillations instantane­
ously and this effect could be partially reversed by the protein kinase inhibitor, 
staurosporine (10-7 M). Prolonged exposure to TPA (up to 96 h) resulted in down-
regulation of PKC activity in cultured cells, but oscillations could still be induced which 
strongly suggests that PKC activity is not crucial in generating [Ca2+|, oscillations. 
In conclusion, in rabbit renal collecting duct cells in primary culture removal of 
extracellular Na+ induced oscillations of [Ca2+|, which arise from phospholipase С 
activation in concert with Ca2+-induced Ca-+ release and with no strict requirement for 
extracelluar Ca^+. 
INTRODUCTION 
In the mammalian kidney, hormone-regulated active Ca^+ reabsorption occurs primarily in 
the distal convoluted tubule and connecting tubule, and consists of a passive influx of 
Ca-+ from the lumen, diffusion through the cytosol and active extrusion at the peritubular 
side of the cell [1,2]. Both an ATP-dependent Ca^+ pump and a Na+-Ca2+ exchanger have 
been shown to be involved in Ca2+ efflux [1]. Ca-+-ATPase has been demonstrated 
enzymatically as well as immunologically [3,4], while evidence for a major role of a Na+-
Ca2+ exchanger in the distal nephron stems from a variety of measurements. Brunette at al 
[5] concluded from membrane vesicle studies that this exchanger is present exclusively in 
the distal tubule. In isolated perfused rabbit connecting tubules [6] and in primary cultures 
of the rabbit cortical collecting system [7], a concentration dependence of Ca^+ 
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reabsorption on basolatcral [Na+| was demonstrated. Several investigators evaluated the 
role of a Na+-Ca2+ exchanger in regulating cytosolic [Ca2+] ([Ca2+],) from manipulation of 
the electrochemical gradient for Na+ while monitoring [Ca^+Ji [8,9]. However, firm 
conclusions concerning the involvement of Na+-Ca-+ exchange in maintaining low [Ca2+], 
could not be made due to experimental limitations. For example, in these studies, the fura 2 
signal resulted from several cells and not from single cells. It is now well established that 
fCa-+l, signals measured in single cells may differ strikingly from bulk measurements [ 10|. 
The aim of the present study, therefore, was to evaluate the role of Na+-Ca2+ exchange 
in regulating fCa-+l, in individual cells of the renal cortical collecting system. For this 
purpose, a recently established primary culture of rabbit kidney cortical collecting system 
was used, which retains many characteristic features of the original epithelium and allows 
monitoring of [Ca-+], in individual cells during prolonged periods [11]. A surprising 
observation was that removal of extracellular Na+ (Na+0) induced oscillations in [Ca2+], 
and in the present study a detailed characterisation of these [Na+k-free induced [Ca-+], 
oscillations has been undertaken. 
MATERIALS AND METHODS 
Primary cultures of cells from rabbit kidney cortical collecting system 
Rabbit kidney connecting tubule and cortical collecting duct cells were immunodissected with mAb 
R2G9 and set in primary culture on 22 mm circular glass coverslips coated with rat tail collagen, as 
previously described in detail [11]. In brief. New Zealand white rabbits (=0.5 kg weight) were used. 
The culture medium was a 1:1 mixture of DME/F12 medium (Gibco, Breda, NL) supplemented with 
5% (v/v) decomplemented fetal calf serum, 50 |<g/ml gentamycin, a mixture of non-essential amino 
acids, 5 μglm\ insulin, 5 /¿g/ml transferrin, 50 nM hydrocortisone, 70 ng/ml PGE[, 50 nM Na2SeO( 
and 5 pM triiodothyronine, equilibrated with 5% C02-95% air at 37 °C. All experiments were 
performed with confluent monolayers between 5-8 days after seeding the cells on coverslips. 
Measurement of [Ca2+1, in single cells 
The fluorescent indicator, fura 2, was loaded into the cells during a 60 min incubation of the 
monolayer at 37 °C in DME/F12 medium (Gibco, Breda, NL) supplemented with 5 μΜ fura 2 
acetoxymethyl ester (fura 2 AM), 0.4 % (w/v) DMSO, 0.02 % (w/v) pluronic F127 and 4 % (v/v) 
decomplemented fetal calf serum. Hereafter, cell cultures were washed twice with incubation 
medium containing (in mM): 140NaCl;2KCI; 1 K2HP04; 1 KH2P04; 1 MgCI2; 1 CaCl2; 5 glucose; 
5 l-alanine;10 HEPES/Tris, pH 7.40 (unless otherwise indicated). Subsequently, coverslips were 
transferred to a thermostated "Leiden"chamber [12] mounted on the stage of an inverted Diaphot 
microscope (Nikon, Amsterdam, NL) and connected to a photomultiplier (Newcastle Photonic 
System, Newcastle, UK). The volume of the chamber was reduced to 200 μ\ with a small perspex 
insert. The cells were continuously superfused (2 ml/min) with medium and the temperature was 
maintained at 37 °C. Using a pinhole diaphragm, the fluorescence from individual cells emitted at 
492 nm was collected at 0.5 sec intervals at the excitation wavelengths 340 and 380 nm. [Ca2+], was 
calculated according to the formula derived by Grynkiewicz et al [ 13]: [Ca2+], = Kj (R-R
miny(Rmax-
R)B, where Kj (~ 224 nM) is the Ca2+ dissociation constant for fura 2; R is the ratio of the cellular 
fura 2 fluorescence at 340 and 380 nm excitation; R
ma
x and R
m i n represent maximum and minimum R 
values obtained by treating the monolayers with 5 μΜ ionomycin in the presence and absence of 
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extracellularCa2+, respectively; В is the ratio of the 380 nm excitation fluorescence in the absence and 
with a saturating level of extracellular Ca2+. In most experiments, absolute Ca2+ concentrations were 
difficult to obtain due to technical problems with the ionomycin calibration, which has also been 
reported by other investigators [14,15]. Preferentially fluorescence ratios were, therefore, reported, 
and absolute Ca2+ concentrations were only used when calibration was performed successfully. 
In order to investigate the intercellular coupling between the cultured cells, [Ca2 +], was measured 
simultaneously in several adjacent cells with a similar microscope set-up as that described above, 
connected to a MagiCal System (Joyce Loeble, UK) in which emitted light is captured with a CCD 
camera followed by digital imaging using TARDIS software. This system has been described in 
detail by Neylon et al [16]. 
Measurement of pH, in single cells 
Cells were loaded with the pH-sensitive, fluorescent dye BCECF/AM by essentially the same 
procedure as that described for fura 2. Emitted fluorescence above 515 nm was collected for the two 
excitation wavelengths of 440 and 490 nm. 
Determination of protein kinase С activity 
Primary cultures of rabbit cortical collecting system were incubated for 96 h with incubation medium 
containing 0.1 % (v/v) DMSO, 10<' M 12-O-tetradecanoylphorbol 13-acetate (TPA) or Ι Ο 6 Μ 4-α-
phorbol. Total cellular fractions were then prepared at 4 °C as follows: After washing coverslips 
twice with phosphate-buffered saline, 20 mM Tris/HCl homogenisation buffer (pH 7.5) was added, 
containing 0.5 % (v/v) Triton-X-100, 0.25 M sucrose, 10 mM EGTA, 2 mM EDTA, 10 mM 2-ß-
mercaptoethanol, 1 mM PMSF, 0.2 mg/ml soybean trypsin inhibitor, 10 /<g/ml aprotinin, 20 μΜ 
leupeptin and 10 mM NaF. Cells were scraped off the coverslips, sonicated in homogenisation 
buffer for 10 s, kept on ice for 1 h and, finally, centrifuged at 50,000 χ g for 60 min. The 
supernatant, containing total protein kinase С activity, was referred to as the total fraction. 
Protein kinase С (PKC) activity in the total fraction was assayed according to Ederveen et al 117|, 
and defined as the phosphatidylserine- and TPA-dependent increase in histone-Hl phosphorylation. 
The fractions incubated with DMSO or 4-a-phorbol were never significantly different and were, 
therefore, averaged and referred to as controls. 
Identificatine of individual cell types 
In some experiments the monolayers were exposed to 0.5 % (w/v) FITC-conjugated peanut lectine 
during the fura 2 AM loading procedure, allowing identification of type В intercalated cells [18] 
during the subsequent |Ca2+], measurements. Ina separate series of experiments the individual cells 
were identified by immunocytochemistry using peanut lectine to recognize type В intercalated cells 
[18] and an antiserum against calbindin-D28icto recognize principal cells [19]. The majority of cells 
(~60%) was calbindin-D2t(K positive and peanut lectine negative and therefore identified as principal 
cells, whereas a minority (~30%) was calbindin-D28K negative and peanut lectine positive and 
therefore identified as intercalated cells. 
Experimental procedures 
Extracellular Na+ concentration ([Na+]0) was reduced by isoosmotic replacement with N-methyl-
glucamine/HCl. Thapsigargin was dissolved in ethanol, whereas TPA, 4-a-phorbol, U73122 and 
U73343 were dissolved in DMSO and final solvent concentrations did not exceed 0.1 v% (v/v). 
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Results from experiments with either vehicle or the inactive phorbol ester, Φα-phorbol, were never 
significantly different from the control. Collagenase A and hyaluronidase were obtained from 
Boehringer (Mannheim, FRG). 32P-ATP was purchased from Amersham ('s-Hertogenbosch, NL). 
Fura 2 AM, BCECF AM and pluronic F127 were obtained from Molecular Probes (Eugene, OR), 
thapsigargin from LC Services Corp. (Wobura, MA), and ryanodine from Calbiochem (La Jolla, 
CA). U73122 and U73343 were kindly provided by Upjohn Laboratories (Kalamazoo, MI). All 
other chemicals were obtained from Sigma (St. Louis, MO). 
Statistical analysis 
In all experiments, data were assessed from at least three separate isolations and a representative 
experiment is shown. Unpaired Student's t tests were used to determine statistical differences 
between two independent groups. 
RESULTS 
The isolation of rabbit renal cortical cells with Mab R2G9 and characterisation of the 
subsequent primary culture has been previously described in detail [7,11]. The cultured 
cells originate from the connecting tubule and the cortical collecting duct and are, 
hereafter, referred to as the cortical collecting system. In the present study, we measured 
changes in single cell [Ca^+], by fluorescence microscopy and digital imaging of fura 2-
loaded cells. 
Effects of [Na+lo on [Ca>l,. 
The dependency of [Ca2+], on Na+0 is shown in Fig. 1. Isoosmotic replacement of [Na+]0 
for N-methylglucamine resulted in oscillations in [Ca2+], of individual cells from the cortical 
collecting system. These distinct and relatively regular Ca-+ oscillations, with [Ca-+], 
returning to basal levels between spikes, endured throughout Na+0 absence and 
disappeared promptly upon the reintroduction of Na+0. The oscillator frequency was 0.63 
± 0.03 min-i, with a duration of 44 ± 2 s per spike and the amplitude ranged from 150 to 
600 nM [Ca2+], among different cells (mean: 308 ± 19 nM, n=60). 
R 
Fig. I 
Effect of Na*o removal on [Ca^+I, in cultured cells 
from the rabbit renal cortical collecting system. Na+o 
(NaCl) was isoosmotically replaced with N-
methylglucamine (NMGCl). R340/38O represents the 
fura 2 340/380 nm excitation fluorescence emission 
ratio as a measure of f Ca?* J,. A representative trace 
of 6 experiments is shown. 
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Fig. 2 
Concentration dependence of Na+ -free-induced 
fCa-+ I, oscillations in cultured cells from the rabbit 
renal cortical collecting system. Na+o was 
isoosmotically replaced with N-methylglucamine. 
R340/¡so represents the fura 2 340/380 nm excitation 
fluorescence emission ratio as a measure of [Ca-^J,. 
A representative trace of 5 experiments is shown. 
The relationship between [Na+]0 and [Ca-+], in cultured cells of the cortical collecting 
system was further investigated. Isoosmotic substitution of [Na+]0 for N-methylglucamine 
demonstrated the induction of oscillations only when [Na+]o was lowered below 5 mM 
(Fig. 2). There was, however, no correlation between the frequency or amplitude of 
[Ca-+], oscillations and [Na+l,. 
The cultured rabbit renal cells used in our experiments represent a heterogeneous 
population, originating from both connecting and cortical collecting tubules and 
containing both principal and intercalated cells. The observed [Ca-+|, oscillations were 
mainly studied in principal cells (identified as calbindin-D^K positive and peanut lectine 
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Fig. 3 Na+U free-induced ¡Ca?+ ¡, oscillations measured simultaneously in 5 adjacent cells 
from the rabbit renal cortical collecting system in primary culture using digital 
imaging. R34013K0 is the ratio of fluorescence emitted at 340 and 380 nm. The 
oscillatory frequency is given for each cell. The location of the adjacent cells is 
depicted in the bottom right figure. R34013m represents the fura 2 340/380 nm 
excitation fluorescence emission ratio as a measure of /'Ca-- /,. A representative 
trace of 4 experiments is shown. 
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Fig. 4 
The effect the phospholipase С inhibitor, U73122 (10 
μΜ), on Na*0 free-induced [Ca-*I oicillations in 
cultured cells form the rabbit renal collecting system. 
The closed structural analogue, U73343 (10 μΜ), had 
no effect on the oscillations. R3401380 represents the 
fura 2 3401380 nm excitation fluorescence emission 
ratio as a measure of [Ca?*],. A representative trace 
of 4 experiments is shown. 
negative cells), since they loaded more readily with the Ca2+-sensitive dye, fura 2, in 
comparison with a weaker fluorescence from the intercalated cells (identified as calbindin-
D28K negative and peanut lectine positive cells). Despite this difference in fura 2 loading 
efficiency, removal of extracellular Na+0 induced similar [Ca2+], oscillations in both cell 
types, since both the frequency and amplitude of the [Ca-+], oscillations were the same (i.e. 
the frequency was 0.64 ± 0.06 and 0.59 ± 0.05 mini, p>0.5, with а ДЯз4о/з80 of 1.6 ± 0.2 
and 1.2 ± 0.2, p>0.2, for principal and intercalated cells respectively, n=19). 
Using the digital imaging system [Ca2+], oscillations were simultaneously measured in 
five adjacent cells, as shown in Fig. 3. [Ca-+], oscillations in individual cells occured 
independently, which strongly suggests the absence of coupling or synchronisation 
among neighbouring cells. 
Role of phosholipase С in [Ca-+1, oscillations. 
The involvement of phospholipase С in Na+„-free induced [Ca^+], oscillations is 
demonstrated in Fig. 4. U73122, which irreversibly inhibits phospholipase С [20|, 
inhibited the [Ca-+], oscillations within 5 min after application at a concentration of 10 μΜ 
(Fig. 4). This inhibitory effect was not reversed on removal of U73122 from the 
superfusion medium. By contrast, U73443, a close structural analogue of U73122 [20], 
had no effect. 
Source of Ca-+ for [Са-+], oscillations. 
The dependence of Na+0-free induced oscillations on extracellular Ca^+ is illustrated in 
Fig. 5. Firstly, superfusion of a Ca^+ free solution containing 0.1 mM EGTA for 7 min 
failed to influence the oscillatory behaviour (Fig. 5A). Prolonged exposure to EGTA was 
not feasible since the cells detached from the coverslip. Secondly, a nominally Ca-+ free 
solution was used which contained in addition 0.1 mM La3+ to block Ca-+ influx. 
Application of this La3+-containing medium during [Ca2+], oscillations was either without 
effect (90 %, Fig. 5B), slowly declined the amplitude of the oscillations to zero (2 %) or 
blocked the oscillations (8 %). In the latter two cases, the [Ca2+], oscillations re-appeared 
instantaneously after re-introduction of normal Ca-+-containing medium (data not shown). 
These results imply that the primary source of Ca-+ utilized for oscillations is intracellular. 
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Fig. 5 Dependence on extracellular Ca2* of Na*0 free-induced ¡Ca2*}, oscillations in 
cultured cells from the rabbit renal cortical collecting system. 
A) In the absence of extracellular Na*. the cells were exposed for 7 min to a 
Ca2*-free solution containing 0.1 mM EGTA (EGTAt. 
B) In the absence of extracellular Sa*, the cells were exposed for IO min to a 
nominally Cat*-- and phosphate-free solution containing O.I mM La3* {-Ca--· 
+LaJ*). R}4oi380 represents the fura 2 340/380 nm excitation fluorescence 
emission ratio as a measure of ¡Cal*],. Representative traces of'8 experiments are 
shown. 
To further substantiate the role of intracellular Ca-+ stores, the effect of thapsigargin, 
which inhibits Ca-+ uptake into intracellular Ca-+ pool [21], was investigated. Fig. 6 
shows that exposure of the cells to Ι μΜ thapsigargin in the presence of extracellular Na+ 
caused a rapid rise in [Ca^+J, from resting levels of -150 to -1500 nM, which then declined 
to a sustained lower level. Subsequent removal of [Na+b could no longer induce [Ca-+], 
oscillations (Fig. 6A). In addition, Fig. 6B illustrates that when thapsigargin was added 
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FiÇ. 6 Effect of thapsigargin {IO-6 VI) on ¡Ca-*!, in cultured cells from the rabbit renal 
cortical collecting system in the presente (A. S'aCl) and absence (B. \'MGCI) of 
\a~». R uoijHO represents the fura 2 340/380 nm excitation fluorescence emission 
ratio as a measure of¡Ca> /,. A representative trac e of 4 experiments is shown. 
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Fig. 7 
Effect of caffeine {20 mM) on Na+0 free-induced 
[Ca-^l, oscillations in cultured cells form the rabbit 
renal collecting system. Caffeine was superfused 
continuously for 8 min. R]4o/380 represents the fura 
2 340/380 nm excitation fluorescence emission ratio 
as a measure of [Cal* ],. A representative trace of 4 
experiments is shown. 
during [Ca2+], oscillations, the oscillatory behaviour stopped after a single large and final 
Ca-+ spike. These experiments strongly suggest that [Ca2+], oscillations originate from 
repetitive Ca-+ release from, and re-uptake into, thapsigargin-sensitive Ca-+ stores. 
Support for" the involvement of Ca2+-induced Ca-+ release in the Ca-+ oscillations 
stems from the observation that 20 mM caffeine inhibits [Ca>], oscillations (Fig. 7). The 
inhibition by caffeine was rapidly reversed by washing. However, ryanodine (50 μΜ), a 
drug known to antagonise Ca2+-induced Ca-+ release in excitable tissues [22], was 
without effect (Fig. 8). 
Role of protein kinase С in [Ca-+]t oscillations. 
Since an involvement of protein kinase С (PKC) in [Ca2+], oscillations has been suggested 
in various cell types [23], the effects of PKC activation on Na+0-free induced [Ca-+1, 
oscillations in our collecting system cells were studied using the tumour-promoting 
phorbol ester. 12-O-tetradecanoylphorbol 13-acetate (TPA) (Fig. 9). Addition of 10-8 M 
TPA caused immediate cessation of [Ca2+]! oscillations, an effect which could be partially 
reversed by subsequent treatment with the protein kinase inhibitor staurosporine (10-7M). 
The inactive phorbol ester, 4-a-phorbol, had no effect on the [Ca-+], oscillations, 
demonstrating the specificity of the effect of TPA. 
In order to further examine the role of PKC in generating [Ca2+], oscillations, the 
cultured cells were pretreated with high concentrations of TPA (Ю-6 M) for 96 h. As 
shown in Fig. 10A, prolonged exposure to TPA reduced PKC activity in cultured cells to 
35 ± 10 % of the control level. When these PKC down-regulated cells were exposed to 
Na+ 0 free solutions in the presence of TPA (Ю-7 M), the [Ca-+], oscillations continued (Fig. 
10B), with a frequency and amplitude undistinguishable from those in the untreated cells. 
Apparently, PKC is not essential in generating and maintaining [Ca2*], oscillations, but on 
the contrary activation of PKC results in inhibition of Са^ -ь oscillations. 
Role of pH, and [Na+I, in ГСа-+1, oscillations. 
Since Na+o removal may result in alterations in intracellular pH (pH,), which in turn may 
evoke [Ca--1-], oscillations, the effect of Na+o removal on pH, was investigated (Fig. 11). 
Complete removal and subsequent reintroduction of Na+0 had no effect on pH, when 
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measured in individual cells where Na+0-free induced [Ca-+], oscillations were active. This 
clearly demonstrates that the [Ca?+]t oscillations were not evoked by changes in pH.. 
The involvement of changes in intracellular [Na+] in generating [Сл-+\ oscillations was 
tested either by inhibiting Na+-K+-ATPase with ouabain (5 · 1(H M), or by blocking Na+ 
influx with amiloride (10-5 M). Neither drug influenced [Ca>], in either the presence or 
absence of Na+0-free induced [Ca-+L oscillations (data not shown). 
*v„„,_ 
Fig. 8 
Effect of ryanodine (50 μΜ) on Na*0 free-induced 
[Cal+I, oscillations in cultured cells form the rabbit 
renal collecting system. Ryanodine was superfused 
continuously for 7 min. RJ4Q/3go represents the fura 
2 340/380 nm excitation fluorescence emission ratio 
as a measure of [Ca^+J,. A representative trace of 4 
experiments is shown. 
This study clearly demonstrates that in cells from the rabbit renal cortical collecting duct in 
primary culture [Ca-+], starts to oscillate when extracellular [Na+] is reduced to less than 5 
mM. The [Ca-+], oscillations consist of distinct spikes which appear to be generated by 
pulsatile release of Ca2+ from internal stores with [Ca-+], returning to basal levels between 
spikes. The characteristics of these [Ca-+], oscillations are comparable to agonist-induced 
[Ca2+], oscillations reported in a variety of electrically non-excitable cells [22]. 
Although this study was set out to determine the role of Na+-Ca-+ exchange in 
intracellular Ca2+ homeostasis of cells from the cortical collecting system, the unexpected 
observation of [Ca2+], oscillations induced by removal of Na+o precluded such conclusion. 
However, reduction of the driving force for Na+-Ca^+ exchange by lowering [Na+k from 
140 to 10 mM or exposing the cells to ouabain had no effect on [ C a ^ . Also Ld?+, which 
inhibits Na+-Ca-+ exchange [24], did not affect the [Ca-+], oscillations. These findings 
strongly suggest that Na+-Ca2+ exchange does not contribute to the regulation of [Ca-+]! 
under these circumstances, a conclusion which is in agreement with data of Taniguchi et al 
[9]. Using isolated rat cortical collecting ducts, these authors showed that reduction of 
external Na+ from 164 to 27 mM or treatment with ouabain had no effect on [Ca-+], unless 
rats were subjected to adrenalectomy 8 days prior to the experiment [9]. Bourdeau and 
Lau [8] were also unable to detect changes in [Ca2+], in isolated perfused connecting 
tubules after moderate decrements in extracellular [Na+]. Only after complete removal of 
bath Na+ was a sustained increase in [Ca-+]¡ observed [8]. The rise in [Ca^+], was 
explained by Ca-+ influx via the Na+-Ca2+ exchanger, but in these two studies, [Ca-+], 
was determined in cell clusters and not in single cells. Therefore, the reported sustained 
increase in [Са^+], could possibly result from a summation of [Ca^+h signals in individual 
cells. Recently, Breyer demonstrated Ca-+ influx via a Na+-Ca-+ exchange process 
10 15 
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located in the basolateral membrane, but only following activation of cortical collecting 
ducts with cAMP or vasopressin [25]. 
Fig. 9 
Effect of protein kinase С activaiion using thephorbol 
ester, 12-O-tetradecanoylphorbol 13-acetate (TPA, 
10-8 Л/; and subsequent exposure to staurosporine 
(IO7 M) on [Ca.^1, oscillations in the absence of 
Na*0 (NMGCl) in rabbit renal cortical collecting 
system. R.34OI380 represents the fura 2 340/380 nm 
excitation fluorescence emission ratio as a measure of 
¡Ca2+It. A representative trace of 4 experiments is 
shown. 
Time (min) 
Although a direct role of Na+-Ca-+ exchange in intracellular Ca-+ homeostasis could 
not be concluded from our studies, previous investigations have firmly established that 
such a basolateral Na+-Ca2+ exchange mechanism exists and certainly plays a role in Ca-+ 
reabsorption in the cortical collecting system. For example, in isolated perfused 
connecting tubules from the rabbit, Shimizu et al [6] demonstrated a decrease in Ca-+ 
reabsorption rate after removal of bath Na+ or following ouabain treatment. In addition, 
we have demonstrated that reducing basolateral [Na+] to 20 mM or exposure to ouabain 
¡nhibites 60 % of transcellular Ca^+ transport across cultured cells of the rabbit cortical 
collecting system [7]. In the present study, we show that such manoeuvres do not result in 
detectable changes in [Ca2+]¡. Changes in the rate of transcellular Ca^+ transport are, 
apparently, not accompanied by changes in [Ca^+J,. 
The present study clearly indicates that [Na+]o-free induced [Ca-+]¡ oscillations stem 
from activation of some sort of receptor since the oscillations were inhibited by the 
phospholipase С inhibitor, U73122. This agent has been shown to inhibit specifically 
phospholipase C-linked events and to act at an early stage in the transduction mechanism, 
presumably at a site distal to the receptor [20]. Likewise, in the collecting duct system 
Na+ 0 removal might activate a phospholipase C-dependent pathway leading to an increase 
іп(1,4,5)ІРз which releases Ca^+frora an ІРз-sensitive store and which is then followed by 
Ca2+-induced Ca-+ release. A similar mechanism is operative in fibroblasts since Smith et al 
[26] showed that decreasing [Na+]0 triggered (1,4>5)1Рз production which led to a 
sustained increase in [Ca2+],. These [Ca?+], measurements were, however, made as the 
summed response of all cells on the coverslip. The authors postulated an external receptor 
site which can be activated by very low [Na+]0 [26]. Similar observations were made in 
parietal cells of the intact rabbit gastric gland by Negulescu and Machen [27]. The 
physiological role of such a receptor in our model system is unclear at present, although 
extremely low luminal [Na+] can occur in the inner medullary collecting duct. For example, 
during avid Na+ retention, [Na+] in the lumen drops to values below 10 raM [28]. 
Recently, Goldbeter and coworkers presented a theoretical model to explain 
oscillations in [Ca-+], [29]. Briefly, an external signal triggers a rise in ГР3, which elicits the 
release of Ca-+ from an ГРз-sensitive store. The subsequent rise in [Ca-+], in turn triggers 
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Fig. 10 Effect of protein kinase С down-regulation on Na*0 free-induced (Ca^J, 
oscillations. A) Total cellular protein kinase С activity in cultured cells from the 
rabbit renal cortical collecting system treated for 96 h with TPA (10-6 Si) or 
solvent ( DMSO). Values are the mean ± SEM of 5 experiments. *, significantly 
different from control (p<0.05). B) Effect of Na~o removal (NMGCl) and 
subsequent exposure to TPA (10-6 M) on [Ca2+¡, in PKC down-regulated cells. 
A representative trace of 4 experiments is shown. 
the repetitive release of Ca2+ from an ІРз-insensitive pool by a process called Ca2+-induced 
Ca-+ release. The characteristics of Na+0-free induced [Ca2+], oscillations in the cortical 
collecting system are in close agreement with this Goldbeter model for the following 
reasons: i) The source of the increase in [Ca2+], is clearly intracellular, since prevention of 
Ca-+ influx through the plasma membrane had no immediate effect on oscillatory acrivity. 
In general, most [Ca--»-], oscillations result from a repetitive discharge and refilling of 
internal Ca-+ stores initiated by increased levels of IP3. External Ca-+ is only needed to 
prevent depletion of internal stores [30]. Further evidence for an internal Ca-+ source 
stems from our experiments with thapsigargin, an inhibitor of Ca2+-ATPase in non-
mi tochondrial stores [21], whereby in thapsigargin-treated cells, [Ca2+], oscillations could 
no longer be evoked, ii) The reversible inhibition by caffeine of the [Са^+], oscillations 
points to a role of Ca-+-induced Ca-+ release and is, therefore, in favour of a second 
messenger-controlled model operating in cells of the cortical collecting system. 
Unexpectedly, ryanodine, which has been very useful in investigating the role of Ca-+-
induced Ca-+ release in muscle, had no effect on [Са2+]! oscillations in the renal cells and 
this confirms that endoplasmic recticulum is not generally sensitive to ryanodine [22]. iii) 
Phospholipase С is involved in the transduction mechanism as evidenced from the 
inhibition of the oscillations by U73122. This indirectly indicates that the oscillations are 
mediated by the second messenger IP3. iv) PKC is not essential for the generation and 
maintenance of [Ca-+]¡ oscillations, which was clearly demonstrated by down-regulation 
of PKC activity after prolonged exposure to TPA. In fibroblasts, Harootunian et al [31] 
also reported [Ca-+], oscillations due to IP3 oscillations which did not require functional 
PKC activity, iv) [Ca-+], oscillations in the cultured cells from the cortical collecting 
system are inhibited by activation of PKC. A similar observation has been made in a 
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variety of cell types where a negative feedback control for PKC in agonist-induced [Сь-+\ 
oscillations has been suggested [23]. v) In the renal cells oscillations are asynchronously, 
precluding efficient intercellular communication. 
Explanations for Na+0 free-induced [Ca-+], oscillations in cells of the cortical collecting 
system involving roles for ρΗ,-induced Ca-+ release and/or intracellular Na+ are readily 
dismissed. Firstly, Na+0 free solutions did not perturb pH, in these cells, and, secondly, 
inhibiton of Na+-H+ exchanger and Na+ channels by amiloride or inhibition of Na+-K+-
ATPase by ouabain did not influence [Са^+], oscillations. 
Fig. 11 
Effect ofNa+o removal (NMGCl) and réintroduction 
(NaCl) on [Ca2+J, and pH, in cultured cells from the 
rabbit collecting system. Яшізао represents the fura 
2 340/380 nm excitation fluorescence emission ratio 
as a measure of [Caí'-J, and R490/440 represents the 
BCECF 490/440 nm excitation fluorescence emission 
ratio as a measure ofpH,. A representative trace of 4 
experiments is shown. 
In conclusion, cells from the cortical collecting system possibly contain a receptor-like 
mechanism which senses very low extracellular [Na*] and activation of which results in 
sustained [Ca-+], oscillations until Na+ is reintroduced. Whether such a receptor 
mechanism plays a physiological role in sensing luminal [Na+] in situ remains a question 
which deserves further study, but the capability to generate [Ca-+], oscillations in these 
renal cells is demonstrated unambiguously. 
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SUMMARY 
The role of calbindin-D28K. in transcellular Ca2+ transport and Ca^+ signaling in rabbit 
cortical collecting system was investigated. Rabbit kidney connecting tubules and cortical 
collecting ducts, hereafter referred to as cortical collecting system, were isolated by 
immunodissection and cultured to confluence on permeable filters and glass coverslips. 
Calbindin-D28K was present in the cytosol of principal cells, but was absent from the 
intercalated cells. l,25[OHhI>} (48 h, ΙΟ-7 M) significantly increased cellular calbindin-
Г>8к levels (194 ± 15 %) and stimulated transcellular Ca2+ transport (41 ± 3 % ) . This 
stimulatory effect could be fully mimicked by the endogenous Ca-+ chelator, BAPTA (30 
μΜ BAPTA-AM), which suggests that the presence of Ca^+ chelators alone is sufficient to 
enhance transcellular Ca^+ transport. Stimulation of Ca2+ transport was not accompanied 
by a rise in [Ca2+|,. Isosmotic replacement of extracellular Na+ ([Na+]0) for N-
methylglucamine (NMG) generated oscillations in [Ca-+], in individual cells of the 
monolayer. The functional parameters of these oscillations such as frequency of spiking, 
resting [Ca2+|,, increase in [Ca2+], and percentage of responding cells, were not affected by 
the level of calbindin-DisK- In contrast, loading the cells with BAPTA abruptly stopped 
these [Ca2+], oscillations. This suggests that the kinetics of Ca^+ binding by calbindin-
D28K arc slow relative to the initiation of the [Ca2+], rise, so that calbindin-DasK. unlike 
BAPTA, is unable to reduce [Са^+], rapidly enough to prevent the initiation of Ca-+-
induced Ca-+ release. 
INTRODUCTION 
High affinity Ca2+-binding proteins play a role in a large variety of cellular processes 
which are controlled by Ca-+, including muscle contraction, neurotransmitter release, ion 
transport, and secretion 11,2]. This particular class of proteins shares a highly conserved 
Ca2+-binding motif, the so-called EF-hand. One member of this family, i.e.calmodulin, is a 
ubiquitous protein, but the majority, like troponin-C, parvalbumin and calbindin, display a 
tissue-specific expression [1]. The physiological functions of some of these Ca-+-binding 
proteins are firmly established, but for a few the expression 'more sites than insights' is 
appropriate [1 | . For instance, calbindin-D28K is present in high concentrations in distal 
nephron, placenta and brain [1-4]. In the epithelial tissues, calbindin-DisK act as cytosolic 
C&-+ buffer and presumably facilitate the diffusional flux of Ca-+ through the cytosol [5-
7|. It is known that the rate of active Ca-+ absorption in the intestine correlates well with 
the cytosolic concentration of calbindin-D^K and both phenomena are regulated by 1,25-
dihydroxyvitamin D3 ( 1,25[ОНІ2ЕЬ) [8,9]. In brain, however, calbindin-D28K is present in a 
subpopulation of neurons scattered in most but not all areas of the central nervous system, 
where its presence is not influenced by the vitamin D3 status and where its function is 
unknown [1]. 
Free cytosolic Ca-+ ([Ca2+],) ¡s generally maintained at low resting values and, for 
example, increasing [Ca-+], in the intestine results in decreased NaCl absorption in villi and 
increased secretion in crypts [10]. Also in renal cells [Ca?+], is implicated in the regulation 
of transport processes. For example, Na+ reabsorption and K+ secretion in the distal 
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nephron are partly regulated by activation of Ca-+-dependent Na+ and K+ channels 
[11,12]. The cellular Ca?+ homeostasis in duodenum and distal nephrons is continuously 
challenged by large and variable rates of transcellular Ca-+ transport, which is tuned to the 
need of the body. In addition, calbindin-D;>8K could in theory interfere with cellular Ca2+ 
signaling in view of its Ca2+ chelating properties. 
In Ca2+ absorbing epithelial cells, the tuning of transcellular Ca-+ transport to cellular 
Ca-+ homeostasis is still poorly understood [13]. We have addressed this question by 
using a primary culture of renal connecting tubule and cortical collecting duct cells. These 
renal cells in culture retain the ability to transport Ca^+ transcellularly under control of PTH 
and 1,25[ОНІ2Е)з [14]. In addition, [Ca2+]¡ oscillations can be provoked in these cells [15]. 
In the present study, the intracellular Ca-+ buffering capacity was manipulated by 
exposure to l,25[OHhD3 to increase calbindin-DisK content or by loading the cells with 
the Ca-+ ligand, BAPTA. Evidence is now provided that calbindin-ÖTSK enhances 
diffusional flux of Ca^+ but does not interfere with Ca-+ signaling. In contrast, BAPTA is 
shown to enhance transcellular Ca^+ transport, but quenches [Ca^+J, oscillations 
completely. 
MATERIALS AND METHODS 
Isolation of rabbit kidney cortical collecting system cells 
Rabbit kidney cortical collecting system cells were isolated from New Zealand white rabbits by 
immunodissection using monoclonal antibody R2G9 [14]. The cells were subsequently cultured in 
culture medium (equilibrated with 5% СОг-95% air at 37 °C) on circular glass coverslips (0=22 mm) 
or on 0.3 cm2 permeable filters (Costar, Badhoevedorp, NL) coated with rat tail collagen as described 
previously [14]. All experiments were performed on monolayers grown to confluency (4-7 days after 
seeding). 
Fura 2 and BAPTA loading 
Fura 2 was loaded into the cells during a 30 min incubation at 37°C in culture medium supplemented 
with 5 μΜ fura 2 acetoxymethyl ester (fura 2-AM), 0.4% (w/v) DMSO, 0.02% (w/v) pluronic Fl27 
and 4% (v/v) decomplemented fetal calf serum. Cells were loaded with Ca2+ chelator BAFTA by 
exposure to incubation medium (at 370C) containing 30 μΜ BAPTA-AM; 0.4% (w/v) DMSO; 0.02% 
(w/v) pluronic F12 during the experiment. 
Measurement of |Ca2+1, in single cells 
After loading the cells with fura 2, the coverslips were transferred to a thermostated "Leiden-
Chamber" ( 15] and mounted on an inverted Diaphot microscope (Nikon, Amsterdam, NL). The cells 
were washed by superfusion with incubation medium for 3 min (2 ml/min, 37°C) after which, under 
continued superfusion, the experiment was started. The MagiCal imaging system was used to 
measure [Ca2+], (Joyce Loeble, UK). The fura-2 loaded cells were altematingly excited at 340 and 
380 nm (bandwidth 10 nm) and images of the fura 2 fluorescence of 30-40 cells emitted at 492 nm 
(bandwidth 30 nm) were captured (capture time 0.32 s; average of 8 frames) by a CCD camera at 
intervals of 7 s, using TARDIS software for digital analysis as described in detail by Neylon et al 
[ 16]. In some experiments the Newcastle Photometric System (NPS system) was used in which fura 
2 fluorescence from single cells is measured by a photomultiplier as described previously [15]. 
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[Ca2+], was calculated according to the formula derived by Grynkiewicz et al. [17]. 
Determination of transepithelial Ca 2 + fluxes 
Filter cups were washed and bathed at 37 °C in incubation medium. Previously, we determined that 
transcellularCa2+ absorption from a medium containing 1 mM Ca2+ was linear up to three hours 
[18]. In the present study, Ca2+ absorption was established by removing duplicates of 25 μΙ apical 
fluid following an incubation of 90 min. The total Ca2+ concentration of the samples was assayed 
using a colorimetrie test kit (Boehringer, Mannheim, Germany) and Ca 2 + absorption was expressed 
in nmol.h '.cm-2. 
Identification of principal and intercalated cells by immunocytochemistry 
The primary cultures contain principal and intercalated cells 115]. In order to distinguish intercalated 
cells [19], monolayers loaded with fura 2, were exposed to FITC-conjugated peanut lectin (5^g/ml 
for 5 min) and before starting [Ca2 +], measurements the FTTC-labelled monolayers were examined. 
Principal cells could be visualized after fura 2 imaging by immunohistology using a polyclonal 
antiserum against chicken calbindin-D28K a s described previously [20). As secondary antibody a 
FITC-conjugated anti rabbit Ig was used. One image of the resulting staining pattern was captured 
(excitation 490 nm, emission above 510 nm, MagiCal system) to match the presence of calbindin-
D28K or peanut lectin with [Ca2 +], oscillations. Loading of principal cells with fura 2 appeared to be 
far better than of intercalated cells and when the CCD camera was used [Ca2 +], measurement in 
intercalated cells were unreliable. Therefore, in some experiments a more sensitive photomultiplier 
(NPS system) was used to record fluorescence from fura 2 loaded intercalated cells. 
Calbindin-ÜMK assay 
An ELISA for calbindin-D28K w a s performed as described previously [14]. Briefly a 96-well 
polystyrene plate was 0 coated with 100 ng purified rabbit calbindin-D28K; Ό blocked with 0 . 1 % 
w/v BSA; Hi) 50/Л samples containing either cytosolic fractions of cultured collecting system cells or 
samples of purified rabbit calbindin-D28K f° r a calibration curve were added, both followed by 50 μ\ 
rabbit polyclonal antiserum against chick calbindin D28K (diluted 1:750); iiii) peroxidase-conjugated 
goat anti-rabbit IgG (H and L) (diluted 1:500) was added and finally 0.5 mg/ml o-phenylenediamine 
and 0.1 % w/v H2O2 were used develop the color. After each step the ELISA plate was washed 4 
times. 
Experimental procedures 
Culture medium: DME/F12 (1:1) (Gibco, Breda, NL) supplemented with 5% (v/v) decomplemented 
fetal calf serum; 50 j/g/ml gentamicin; 10 μ/ml non-essential amino acids (Gibco, Breda, NL); 5 
/¿g/ml insulin; 5 /<g/ml transferrin; 50 nM hydrocortisone; 70 ng/ml PGE1; 50 nM Na2Se03; 5 pM 
triiodothyronine. Incubation medium (in mM): 140NaCl; 2 KCl; 1 K 2HP0 4 ; 1 KH2P04; 1 MgCl2; 1 
CaCl2; 5 glucose; 5 1-alanine; 10 Hepes/Tris, pH 7.40. Fura 2-AM; BAPTA-AM; pluronic F127 
were obtained from Molecular probes (Eugene, Oregon, USA). 1,25[ОН]2ІЪ was kindly provided 
by Solvay-Duphar (Weesp, NL). All other chemicals were obtained from Sigma (St. Louis, 
Missouri, USA). 
Statistical analysis 
In all experiments, data were assessed from at least 3 isolations. Analysis of variance was used to 
determine statistical differences between two independent groups [21 ]. 
84 
CALBINDIN-D28K AMD CALCIUM SIGNALLING 
Fig. 1 
Effect of removal of medium Na* (Na*0) on 
[Cal* J, in cultured cells from rabbit cortical 
collecting system. Na*0 (NaCl) was iso-
osmotically replaced with N-methylglucamine 
(NMGCl). [Ca^l, was calculated from the fura 2 
340/380 nm excitation fluorescence emission ratio 
which was recorded with the fluorescence imaging 
MagiCal system. Representative trace from six 
experiments is shown, in which a total of 36 cells 
о 4 8 12 ι« 20 were analyzed. 
Time (mm) 
RESULTS 
In a previous study, we described that in cells of cortical collecting system in primary 
culture, removal of extracellular Na+ induced oscillations of [Ca-+]i, which arise from 
phospholipase С activation in concert with Ca-+-induced Ca2+ release [15]. The present 
study extends our previous observations by employing a fluorescence imaging system 
equipped with a CCD camera which permits simultaneous analysis of the [Ca^+h responses 
of several cells at the single cell level and estimation of cytosolic calbindin-Ü28K content. 
Isosmotic replacement of medium Na+ (Na+0) for N-methylglucamine (NMG) results in 
[Ca-+], oscillations in priamry cultures of rabbit cortical collecting system cell. The type of 
oscillations most frequently observed (~80 % of the occurrences) was an increase in 
[Ca2+], in an oscillatory fashion with Ca^+ returning to resting levels in between two 
spikes, as shown in Fig. 1. 
Characterization of fCa-+l, oscillations in principal and intercalated cells 
Since the primary culture of rabbit cortical collecting system is composed of two cell types, 
individual cells were identified by imraunocytochemistry, using peanut lectin to recognize 
intercalated cells and an antiserum against chicken calbindin-D^K to recognize principal 
cells (figures 2A&B) [19]. The majority of cells (79 ± 4 %, N=400) were calbindin-DasK 
positive and peanut lectin negative and, therefore, identified as principal cells, whereas a 
minority (18 ± 5 %) were calbindin-D^K negative and peanut lectin positive and classified 
as intercalated cells. In principal cells, calbindin-D28K w a s evenly distributed throughout 
the cytosol. 
Na+0-free medium induced in both cell types oscillatory increases in [Ca-+], as depicted 
in Fig. 2. The characteristics of these oscillations, i.e. oscillatory frequency, resting and 
peak values of [Ca2+]„ together with the percentage of cells that exhibit [Ca-+], 
oscillations, are shown in Table I. There were no significant differences between these 
parameters among principal and intercalated cells (P<0.05, Nal9). 
Effect of 1.25(ОН"ЬРз on Ca--1· transport. calbindinD^sK content and Ca-+ signaling 
The monolayers were incubated for 48 h with 10-7 M 1,25(ОН)2І)з and subsequently 
transcellular Ca-+ transport, cellular calbindin-I>8K content and [Ca-+], oscillations were 
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Fig. 2 Na+0-free induced [Ca2+], oscillations in a principal (A,C) and an intercalated 
(B,D) cell of rabbit cortical collecting in primary culture. ¡Ca^+J, was calculated 
from the fura 2 340/380 nm excitation fluorescence emission ratio which was 
recorded with the MPS system. Monolayers were double stained to distinguish 
principal from intercalated cells. Principal cells were recognized by 
immunohistological staining with a polyclonal antibody against chicken calbindin-
D28K (A) and intercalated cells were identified by exposure to FTTC-conjugated 
peanut lectin (B). Bars represent 10 pm. Representative data from six 
experiments are shown, in which a total of 36 cells were analyzed. 
examined. 1,25(ОН)2Рз significantly increased transcellular Ca^+ transport by 41 ± 3 % 
(Fig. 3) and calbindin-D28K content from 0.69 ± 0.09 to 2.03 ± 0.31 ^g.mg protein-i 
(P>0.2, N=4). However, the characteristics of [Са2+], oscillations were not significantly 
altered in principal cells cultured for 2 days in the presence of 1.25(ОН)2І>з when 
compared to control cells (Table II). 
To corroborate further the interaction between calbindin-D28K and Ca^+ signaling, we 
compared within one single monolayer characteristics of [Ca2+], oscillations in principal 
cells expressing different levels of calbindin-D^sK- In line with the above mentioned 
results, principal cells containing different concentrations of calbindin-D^K exhibit 
identical [Ca^+h oscillations (Fig. 4, N=32). 
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Effect of BAPTA on Ca-+ transport and Ca-+ signaling 
Loading cells of the cortical collecting system with the Ca-+ chelator BAPTA (30 μΜ 
BAPTA-AM) significantly (P<0.05, N=4) enhanced transcellular Ca2+ transport by 28 ± 5 
% (figure 3). Resting [Ca2+],, however, was not influenced by BAPTA. ICa^+J, were 108 
± 3 and 98 ± 3, (P>0.2, N=24) for control and BAPTA-loaded cells, respectively (Fig. 5A). 
On the contrary, when proximal tubule cells in primary culture, which lack calbindin-D^K, 
are loaded with BAPTA, LCa2+], ¡s lowered from 169 ± 2 to 86 ± 3, (P<0.05, N=24) (Fig. 
5B). In striking contrast to calbindin-Ö28K< addition of BAPTA-AM (30 μΜ) to the 
incubation medium interrupted [Ca2+], oscillations within 1.9 ± 0.2 min (Fig. 6, N=24). 
Table I 
Cell type resting [Ca^+J, peak [Ca^+l, frequency oscillating cells 
(nM) (nM) (mini) (%) 
intercalated cells 116±11 261 ± 3 0 0.59 ± 0.05 73 ± 8 
principal cells 123 ± 14 326 ± 28 0.64 ± 0.06 65 ± 13 
Characterisation of Na+o-free induced [Ca^+j, oscillations in principal and intercalated cells 
recorded with the NPS system. Resting and peak fCa?+ /,, oscillations frequency and percentage 
of cells showing oscillations when exposed to Na+free medium. Values represent mean ± SE 
with №>/9. 
DISCUSSION 
The present study demonstrates that increased levels of cytosolic Ca2+ ligands, as 
calbindin-Ü28K and BAPTA, stimulate active transcellular Ca2+ transport in the rabbit 
cortical collecting system. In addition, calbindin-D28K does not interfere with [Ca2+], 
signaling, while BAPTA completely inhibits [Ca-+], oscillations. 
Feher et al developed a mathematical model which explains the role of calbindin-D9K in 
l,25[OH]2P3-stimulated intestinal Ca-+ absorption [6,8]. In this model calbindin enhances 
transcellular Ca2+ transport by i) stimulating apical entry of Ca2+ through releasing the 
negative feedback on the entrance step; ii) increasing the rate of cytosolic transport by 
acting as a diffusional carrier; Hi) increasing Ca2+ efflux rate by feeding Ca^+ to the 
starved basolateral Ca2+-ATPase and Na+-Ca2+ exchanger. The present study provides 
experimental evidence for a stimulatory effect of Ca2+ ligands on transcellular Ca^+ 
transport in the cortical collecting system. We localized calbindin-D28K ¡η the cytosol of 
principal cells, where concentrations reach 100 μΜ [14]. An increase in calbindin-D^K 
content was accompanied with an increase in the rate of transcellular Ca2+ transport. This 
stimulatory effect of calbindin-D28K could be fully mimicked by the Ca^+ chelator, BAPTA, 
which strongly suggests that the presence of diffusible Ca2+ chelators alone is sufficient 
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to enhance transcellular Ca?+ transport This implies that Ca-+ chelators influence Ca-+ 
fluxes at the entrance and exit step [6]. An increased Ca-+ buffer capacity in close vicinity 
to the apical membrane could accelerate the entry of Ca2+, due to removing a negative-
feedback of [Ca2+], on the influx mechanism. Ca^+ efflux could be enhanced by Ca^+ 
ligands by accelerated delivery of Ca-+ to the basolateral extrusion pumps [6]. 
In the present study, stimulated rates of transcellular Ca-+ transport were not 
accompanied by an increase in [Ca2+],. Furthermore, addition of BAPTA did not reduce 
resting [Ca-+], in principal cells of the cortical collecting system, whereas in cells which 
lack calbindin-l>8K. BAPTA substantially reduced [Ca^+J,. These findings support the 
notion that calbindin-I>8K greatly enhances the intrinsic Ca-+ buffering capacity of 
principal cells. 
The role of calbindin-I>8K as a strong Ca^+ buffer seems in conflict with the fact that 
[Ca2+], fluctuations are an essential step in regulatory pathways, since an increased Ca2+ 
buffering capacity most likely dampens the transient rise in [Са^+]1 evoked by receptor 
activation. The present study, however, clearly demonstrates that calbindin-E>28K does not 
interfere with Ca-+ signaling processes, since oscillations in [Ca-+], could be provoked 
Table Π 
Condition resting [Ca-+], peak [CaZ+^ frequency oscillating cells 
(nM) (nM) (min-i) (%) 
control 98 ± 6 201+4 0.71 ±0.02 79 ± 8 
1Д5(ОН)2ГЭз 108 ± 6 214 ± 4 0.73 ± 0.02 66 ± 6 
Characterisation nfNa*0-free induced[Ca?+}, oscillations in principal cells exposed to ΙΟ-7 M 
1.25(OHhDjfi>r 48 h (or to vehicle) measured with the fluorescence imaging MagiCal system. 
Resting and peak ¡Ca^+J,, oscillations frequency and percentage of cells showing oscillations 
when exposed to Sa* free medium. Values represent mean ± SE with N"¿100. 
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Figure 4 
Effect of calbindin-D28K concentration on Na^0-
free induced [Ca?*- J¡ oscillations in principal cells 
of rabbit cortical collecting system in primary 
culture. Principal cells were recognized by 
immunohistological staining with a polyclonal 
antibody against chicken calbindin-DisK (A). 
[Ca^Ji oscillations were analyzed in a cell with a 
relatively low (cell Δ, B) and a relatively high (cell 
*, C) level of calbindin-Ü2sK· respectively. 
[CaZ-i-J, was calculated from the fura 2 340/380 nm 
excitation fluorescence emission ratio which was 
recorded with the fluorescence imaging MagiCal 
system. Bar represents 20 μΜ. Representative 
data from four experiments are shown, in which a 
total of 32 cells were analyzed. 
irrespective of the absence or presence of calbindin-D28K in the cell. In contrast, loading 
the cells with BAPTA abruptly stopped the [Ca2+]i oscillations. This remarkable difference 
between both calcium chelators must reside in the Ca2+ binding kinetics. The difference is 
not explained on the basis of Ca-+ affinities, since the K<i's of both Ca2+ ligands for Ca-+ 
are similar (see Table III). It is theoretically possible that BAPTA reaches significantly 
higher cytosolic concentrations than calbindin-D28K· When hypocampal neurons were 
incubated for 30 min at 37 °C with 30 μΜ BAPTA-AM the intra-cellular BAPTA 
concentration reached ~300 μΜ [22]. We observed that within 2 min after addition of 30 
μΜ BAPTA-AM the [Ca2+]¡ oscillations stopped, which implies that the cytosolic 
concentration of BAPTA does not differ widely from the cytosolic calbindin-DisK 
concentration, which was estimated to be -100 μΜ [14]. The most plausible explanation 
for the observed differences is that the k
o n
 rate of Ca2+ binding to calbindin-D^sK is too 
slow, so that calbindin-Ö28K. unlike BAPTA, is unable to reduce the upstroke of a Ca-+ 
spike rapidly enough to prevent the initiation of Ca2+-induced Ca^+ release. The kon rate 
is in fact more than one order of magnitude slower for calbindin-D^gK than for BAPTA 
(Table ΙΠ). Indeed, calbindin has been reported to buffer Ca?+ sluggishly when compared 
to troponin and calmodulin [4]. A similar explanation accounted for differences between 
EGTA and BAPTA in attenuating Ca-+-activated K+ currents in chromaffin cells and in 
reducing evoked neurotransmitter release at the squid giant synapse [23]. 
Until now little is known about the role of calbindin-D^SK in non-epithelial cells, such as 
Purkinje cells in the cerebellum, specific neurons in the brain and several endocrine cells 
0 2 4 6 8 10 
Time (iran) 
0 2 4. 6 8 10 
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Rg. 5 Effect of the Ca2+ chelator BAPTA on resting [Ca2+], in principal cells of rabbit 
cortical collecting system in primary culture (A) and in cells of rabbit proximal 
tubules in primary culture (B). Monolayers were incubated in BAFTA-AM (3 10-5 
M). [Ca2*], was calculated from the fura 2 340/380 nm excitation fluorescence 
emission ratio which was recorded with the fluorescence imaging MagiCal 
system. Representative traces from four experiments are shown, in which a total 
of 24 cells were analyzed. 
[1-4]. The characteristics of calbindin-Ebsic outlined in the present study should also hold 
in these tissues. For example, calbindin-D28K wiU bind Ca-+ in the cytosol during intense 
neural activity and thus protects neurons from Ca^+ overload. After these Ca-+ pulses, 
calbindin-D28K W 'H facilitate redistribution of Ca^+ within the cell which could mediate 
stimulation-evoked changes in neuronal cell shape or mediate memory effects in brain 
[4,24.25]. Roberts made a theoretical analysis of a mechanism by which millimolar 
concentrations of caJbindin-D^K found in certain sensory receptors and neurons can 
influence [Ca-+], signaling [26]. He demonstrated that high levels of calbindin-DisK are 
necessary to serve as a mobile Ca2+ buffer that reduces and localizes changes in [Ca-+], by 
shuttling Ca2+ away from the Сл-+ channel arrays. Indeed, in rat sensory neurons it is 
Table HI 
[Chelator] kon koir 
(M-l-s-i) (s-i) 
KdRef. 
(nM) 
BAPTA 6.02-108 96.7 100-500 [231 
Calbindin-D28k 2-107 8.6 430 [ 61 
Chelator forward and reverse rale constants for the Ca2* chelator ICa^ binding ( k„„ and k0¡¡). 
and dissociation constants are given for BAPTA and calbindin-D2SK· 
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Fig. 6 
Effect of the Ca2* chelator BAPTA on Na+0-free 
induced [Ca2+J, oscillations in principal cells of rabbit 
cortical collecting system in primary culture. Na*0 
(NaCl) was isoosmotically replaced with N-
methylglucamine (NMGCl) and monolayers were 
subsequently incubated in ΒΑΡΤΑ-ΑΑΊ (3 10-5 Λ/λ 
[Ca2+], was calculated from the fura 2 340/380 nm 
excitation fluorescence emission ratio which was 
recorded with the fluorescence imaging MagiCal 
system. A representative trace from four experiments 
is shown, in which a total of 24 cells were analyzed. 
shown that injection of high concentrations of calbindin-DsK into the cell has no effect 
on basal [Ca2+],, but affects the kinetics of [Ca2+], increase [27]. Our findings in epithelial 
cells show that with lower, i.e. submilliraolar, levels of calbindin-EbsK. there ¡s n 0 interfering 
with Ca.-+ signaling. Also, in a previous study by Muir et al [28] a similar conclusion was 
reached. These investigators stably expressed calbindin-D28K m NIH3T3 cells and the 
presence of calbindin-DieK did not affect resting [Ca2+], nor did it change the increase in 
[Ca2+], which occurred in response to serum stimulation. 
The findings of the present study can be summarized in a model shown in Fig. 7. 
Transcellular Ca^+ movement involves the sequential transport of Ca-+ across the apical 
membrane, cytosol and basolateral membrane. The apical entry mechanism is still 
L J 
Apical 
Figure 7 
Model of transcellular Ca2* transport and Ca2+ 
signaling processes co-operating in principal 
^** cells of the cortical collecting system. For an 
explanation see text. B, a calcium ligand such 
C*1'as calbindin-D28K or BAPTA; DAG. 
diacylglycerol; IP}, inositol 1.4,5-
trisphosphaie: PIP2, phosphatidylinositol 4.5-
bisphosphate; G. G-protein: PLC. 
phospholipase C; R. receptor. 
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unidentified, but is postulated to be inhibited by high [Ca2+], adjacent to the apical 
membrane, referred to as a negative-feedback inhibition of Ca2+ entry [6]. Calbindin-DogK 
binds Ca2+ ions which enter the cytosol and facilitates cytosolic diffusion. Finally, 
calbindin-D28K increases the supply of Ca-+ to the Сл~+ pumps in the basolateral 
membrane f6]. During transcellular Ca2+ movement, [Ca2+], remains constant. Due to the 
slow binding kinetics of calbindin-D^K. Ca-+ signaling can occur independently of 
transcellular Ca2+ movement mediated by calbindin-Di«K· The summarized properties of 
calbindins are compatible with substantial cytosolic Ca^+ diffusion and protection of the 
cell from being flooded with Ca^+ and guarantees an unaltered [Са^+^ signaling in 
epithelial cells involved in transcellular Ca2+ transport. 
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ABSTRACT 
The apical Ca^+ influx mechanism involved in Ca-+ reabsorption across cortical collecting 
duct remains to be identified. To this end, primary cultures of rabbit cortical collecting 
system cells were used as a model. Rabbit cortical collecting system cells were 
immunodissected and set in primary culture on glass coverslips. Transcellular Ca 2 + 
transport activity was increased by incubation with l,25-dihydroxyvitamin-D3 (IO-7 M, 48 
h). To identify apical Ca-+ channels, the patch clamp technique was used. Apical 
membrane patches were excised and subsequently, single channel activity was recorded. 
In these patches, a K+ channel with a conductance of 243 pS and a non-selective cation 
channel with a conductance of 34 pS were identified. However, in these excised inside-
out patches, apical Ca-+ channels were not detected. In conclusion, the apical membrane 
of cortical collecting system cells, grown to confluency on glass coverslips, can be easily 
patched. However, Ca-+ channels have not yet been demonstrated. 
A BRIEF INTRODUCTION TO THE PATCH CLAMP TECHNIQUE 
The patch clamp technique is mainly used to characterize biophysical properties of ion 
channels, at the whole cell or single channel level. For extensive descriptions of the patch 
clamp technique reviews by Neher [15] and Sakmann [16] and volume 207 of Methods in 
Enzymology [17] should be consulted. In the patch clamp technique a fire-polished 
micropipette with a diameter of 1 μτη and a resistance of a few ΜΩ, mounted on a 
micromanipulator, is connected to an amplifier. The micropipette, filled with a salt solution, 
is pressed against the plasma membrane of a cell, located on the stage of an inverted 
microscope. Subsequently, to increase the contact between the glass of the micropipette 
and the membrane, a slight suction is applied on the inside of the micropipette until a 
GigaQ seal is formed. Under these conditions, by applying a command voltage across the 
membrane, a current can be detected. This current can be visualized by connecting the 
amplifier, through a Bessel filter (used to reduce noise), to an oscilloscope. For analysis at a 
later date, the unfiltered data are stored on a video or DAT recorder (Fig. 1). 
PATCH CLAMP 
AMPLIFIER BESSEL FILTER 
COMPUTER 
Fig. I 
A schematic representation of a patch clamp 
letup. Inset: a patch clamp setup with the 
EPC 9. as It was used in this studv. 
96 
PATCH CLAMP ANALYSIS 
Since the patch clamp technique has become widely used over the last decade, the 
development of patch clamp setups has reached the point where the equipment becomes 
integrated into one system. In the present study the EPC 9 (HEKA, Lambrecht, Germany) 
was used. This computer-operated unit enables the investigator to apply membrane 
potentials, filter currents at the desired frequency, monitor the detected currents on the 
computer screen and store the unfiltered data digitally on the hard-disk (Fig. 1, inset). 
Today, it is possible to combine the patch clamp technique with other techniques such 
as fluorescence microscopy. Intracellular Ca^+ concentrations using fura-2 and single 
channel activity can be monitored at the same time [18]. In addition, from a cell that has 
been studied using the patch clamp technique (whole cell configuration) mRNA can be 
harvested, with the aid of the micropipette, for PCR amplification [191. 
In the patch clamp technique channels can be studied under several circumstances 
(Fig. 2). The first configuration is called the cell-attached patch. The single channel 
currents are monitored while leaving the cell and its second messenger systems intact, with 
the advantage that effects of hormonal stimulation on channel activity can be studied 
directly. By moving the micropipette away from the cell a "patch" of the membrane with 
the cytosolic side facing the bath may be excised from the cell. This inside-out 
configuration has the advantage that, by changing bath solution, the ion specificity can be 
determined. In addition, the influence of certain cytosolic agents, such as Ca-+, cAMP and 
ATP, on single channel activity can be studied. Once a seal has been formed the membrane 
patch in the micropipette can be broken by suction applied to the inside of the 
micropipette connecting the interior ofthe pipette and the cytosol. This way the 
accumulated channel activity of the entire cell can be determined (whole cell 
configuration). Finally, starting from the whole cell situation, an outside-out configuration 
can be achieved by moving the pipette away from the cell. The cytosolic side of the 
membrane is now facing the inside of the pipette. 
Once having established the desired configuration single channel currents can be 
recorded. To characterize channels present in the patch several parameters can be 
determined, such as ion selectivity, single channel conductance, open probability and open 
and closed time constants. Next these parameters will be discussed briefly. 
Ion selectivity: to identify the nature of an ion channel it is imperative to determine this 
ion selectivity. Ion selectivity is expressed as a permeability ratio. When K+ channels are 
present in excised patches, for example, Ρκ+ / P^+, where Ρκ+ and Рма- are the 
cell-attached 
suction 
\е«СЕіол W outside-out 
Fig.2 
Several patch clamp configurations. For explanation. 
see text. 
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permeabilities for K+ and Na+, respectively, can be calculated from the shift in the reversal 
potential after changing the ion composition of the bath Ringer. 
Single channel conductance: The conductance of a single channel can be calculated 
from the current voltage relationship, i.e. the slope of an IV plot as shown in Fig. 3. 
Open probability: The open probability (P0) is calculated from the total time a channel 
is in the open state divided by the total time the channel is observed. 
Time constants: A transition of a channel from an open state to a closed state and vice 
versa is called an event. On basis of the time between two events, open and closed states 
are distributed in time intervals, which are presented as histograms plotted against time. 
The distribution can be fitted with exponential functions with one or more time constants, 
expressing mean open time and closed times, each representing an open and a closed state 
of the channel. 
INTRODUCTION 
In the kidney hormonally-controlled active Ca?+ reabsorption takes place primarily in the 
distal nephron including distal convoluted tubule, connecting tubule and the cortical 
collecting duct [12]. Ca^+ entry from the lumen is the initial step in transcellular Ca-+ 
transport. Until now, the molecular mechanism responsible for this influx has not yet been 
identified. Over the last few years, several investigators have tried to elucidate the Ca?+ 
entry transporter in the distal nephron by various means [13,21]. 
In the apical membrane of rabbit and mouse distal convoluted tubule, two Ca^+-
permeable channels have been identified [13,21]. One channel was voltage-dependent 
and had a conductance of 8 pS [211. In addition, this channel was permeable for barium 
and inhibited by lanthanum. The other channel was not observed in cell attached patches 
unless stimulated with PTH [13]. It had a conductance of 2 pS and was sensitive to the 
Ca-+ entry blocker dihydropyridine. 
In rabbit connecting tubule, a Ca-+ channel was observed in the apical membrane with 
a conductance of 25 pS, using barium as charge carrier [34]. The open probability was 
increased by 8-Br-cAMP in cell-attached patches but was lowered again by Ca-+ entry 
blocker nifedipine. The involvement of this latter channel is unlikely since no effect of 
dihydropyridines was observed on Ca2+ absorption across cortical collecting system [28]. 
In the present study the patch clamp technique is used to identify Ca-+ channels in the 
apical membrane of principal cells of the cortical collecting system in primary culture. 
Although Ca2+ channels have been identified in several nephron segments [20-22], no 
direct evidence for the involvement of Ca-+ channels in Ca-+ reabsorption has been 
demonstrated. Rabbit cortical collecting system cells were immunodissected and 
subsequently grown to confluency on glass coverslips, yielding a monolayer in which the 
apical membrane unlike immunodissected tubules, is easily accessible for patch clamp 
pipettes. 
PATCH CLAMP ANALYSIS 
MATERIALS AND METHODS 
Primary cultures of rabbit connecting tubule and cortical collecting duct cells 
Rabbit connecting tubule and cortical collecting duct cells were immunodissected with mAb R2G9 
and set in primary culture on 22 mm, circular, glass coverslips, coated with rat tail collagen, as 
described previously [2]. The cultures were grown to confluency in culture medium within 4-5 days 
after seeding. Experiments were performed with monolayers on day 5 and 6. 48 h prior to the 
experiment, the cells were fed with l,25-dihydroxyvitamin-D3 (IO-7 M) to maximally stimulate 
lranscellularCa2+ transport [2]. 
Patch clamp experiments 
Single-channel currents were recorded according to the method described by Hamill et al. [1]. 
Pipettes were pulled in two steps from Borosillicate glass (GC 150F, 1.5 mm outer diameter, 0.86 
mm inner diameter (Clark electromedical instruments, Pangboume, England)) with a vertical pipette 
puller (L/N-3pa, patch pipette puller (List medical, Darmstadt, Germany)). The pipette resistance 
was 4-6 ΜΩ. The data were recorded with an EPC 9 amplifier connected to a Maclntosch computer 
(Heka, Lambrecht, Germany). Seals were achieved by applying slight mouth suction to the pipette. 
The membrane potentials (V
mem
) given in this report refer to the potential of the cytoplasmic side 
relative to the pipette. All experiments were performed at 37°C under constant perfusion of 2 ml/min. 
Cell cultures were inserted in a perfusion chamber, mounted on the stage of a microscope (Diaphot, 
Nikon) and observed with an extra long working distance lens (40x, NA 0.55). Pipette and bath 
solutions are as indicated. Channel currents were sampled at 2.5 kHz and filtered at 0.5 kHz. 
Data analysis 
Single channel currents were measured by replaying the recordings on the computer with the program 
MacTac (Instrutech Corporation, Great Neck, NY). The current / voltage relationship was 
determined by fitting the data using the least square method. Ion channel selectivity was calculated 
using the following formula, with α representing the ion selectivity Ρχ/Ργ: 
V
re% = (RT/zF) In (([X]0 + α ΓΥ]ο) / ([Χ], + α [Y],)) 
Calculation of Ca2+ current per cell 
Ca2+ absorption across cortical collecting system in primary culture of 90 nmol.h-i.cm-2 has been 
estimated previously [2,23,24]. From this transport rate the current, due to Ca2+ fluxes across the 
apical membrane, can be calculated according to the following formula in which: t = Ca2+ absorption 
(90 nmol h-1 cm-2), I = current across the apical membrane of one cell (pA), ζ = charge of Ca2+, Ν \ 
= number of Avogadro (6 10-23 mol1), e = elementary charge quantum (1.6 I O 1 9 C), number = 
number of cells per cm2 (4.106): 
t = I =(z*N
v
*e)/3600 s/number 
For the calculation of the number of cells per cm2, a cell diameter of 5 μτη was used [2|. 
Identification of individual cell-types 
Since cortical collecting system consists of principal and intercalated cells, and Ca2+ absorption takes 
place across principal cells only, intercalated cells (type β) are identified using peanut lectin. Prior to 
each experiment cortical collecting system cells were exposed to 0.5 % (w/v) FITC-conjugated peanut 
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lectin for 10 minutes allowing identification of type β intercalated cells [3]. Approximately 70% of 
the cells were peanut lectin-negative and identified as principal cells [4]. 
Experimental procedures 
Culture medium: DME/F12(l:l)(Gibco, Breda, NL) supplemented with 5% (v/v) decomplemented 
fetal calf serum; 50/<g/mI gentamicin; 0.5% (v/v) lOOx mixture of non-essential amino acids (Gibco, 
Breda, NL); 5 ^g/ml insulin; 5 ^g/ml transferrin; 50 nM hydrocortisone; 70 ng/ml PGEi; 50 nM 
Na2SeCh; 5 pM triiodothyronine. NaCl Ringer (in raM): 140 NaCl; 5 KCl. KCl Ringer (in mM): 5 
NaCl; 140 KCl. 50 KCl Ringer (in mM): 90 NaCl; 50 KCl. 70 KCl Ringer (in mM): 70 NaCl; 70 
KCl. 90 KCl Ringer (in mM): 50 NaCl; 90 KCl. NaGluconate Ringer: 140 NaGluconaat; 5 KCl. 
NMGC1 Ringer: 140 NMGC1; 5 KCl. In addition, all Ringers contain (in mM): 1 MgCl2; 1 CaCI2; 5 
glucose; 10 HEPES/Tris, pH 7.40. Data are expressed as mean ± SE for N=number of experiments. 
RESULTS 
Ca2+-dependent current across the apical membrane 
From transcellular Ca2+ transport rates [2,23,24] the current through the apical membrane 
of a single cell from the cortical collecting system in primary culture is estimated to be 1.1 
pA per cell. Since the membrane of a principal cell contains several channels involved in, 
for example, K+ and Na+ transport, Ca2+-dependent currents as small as 1.0-1.5 pA are 
difficult to distinguish. Therefore, apical Ca2+ channels were not studied in the whole cell 
configuration but on the single channel level. 
The formation of a GQ seal between the pipette and the apical membrane was achieved in 
64 % of the pipettes of which 68 % showed channel activity (124 / 183 seals). 30 % of 
these seals were excised to the inside-out configuration of which 25 % retained channel 
activity (10 patches). On basis of these results 2 types of ion channels have been further 
identified. 
Identification of maxi К channels 
Identification of maxi К channels in the apical membrane of principal cells of the cortical 
collecting system in primary culture was based on the characteristic conductance and on 
the ion selectivity. Representative recordings of maxi К channels for excised inside-out 
patches are illustrated in Fig. 3. Upward deflections correspond to K+ movement from the 
bath into the pipette. In excised inside-out patches with KCl Ringer in the pipette and in 
the bath, the average conductance of the maxi К channels in two separate experiments 
was 242 pS (197 and 288 pS, Fig. 3), which is consistent with the conductance of a maxi 
К channel, 263 pS [5]. With NaCl Ringer in the bath the conductance was 142 and 90 pS, 
which is in the same range as described previously, 80-140 pS [6-8]. To further 
characterize these channels the ion selectivity was determined. The relative permeability 
forK+ compared to Na+ based on the reversal potentials was determined with KCl in the 
pipette and KCl or NaCl Ringer in the bath. The permeabilities are 6.5 and 13.7, 
respectively, which is similar to previously described selectivities in rat cortical collecting 
duct [5]. 
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Fig. 3 (Top) Recordings of a maxi К channel in an inside-out excised patch at the 
indicated membrane potential ( V
mem
). "c " and "o " indicate the closed and open 
states of the channel, respectively. Upward deflections correspond with 
movement of cations from the hath into the pipette. (Bottom) The corresponding 
voltage current-curve. 
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Fig. 4 (Top) Recordings of a non-specific cation channel in an inside-out excised patch at 
the indicated membrane potential (V
mem
). "c" and "o" indicate the closed and 
open states of the channel, respectively. Upward deflections correspond with 
movement of cations from the bath into the pipette. (Bottom) The corresponding 
voltage-current curve. 
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Identification of nonspecific cation channels 
Three of the ten excised patches from the apical membrane of cortical collecting system 
principal cells that retained activity after excision contained a channel that exhibited no 
selectivity with respect to Na+ or K+. Representative recordings of the activity of these 
nonspecific channels for excised inside-out patches are illustrated in Fig. 4. Upward 
deflections correspond to movement of cations from the bath into the pipette. The 
conductance of these channels was 34±2 pS which is in line which the conductance of 
non specific cation channels in the rabbit and mouse collecting duct [7,10,111. The relative 
permeability for K+ compared to Na+ (Ρκ+ / PN¡T) ¡S O b s t i n o ( N = 3 ) implying that this 
channel does not discriminate between K+ and Na+ as described previously [5]. Since the 
reversal potential was close to zero the channel could have CI- conductance. However, 
replacing NaCI with NaGluconate (NaGluconate Ringer) had little effect on the reversal 
potential (Vmcm 3.7±1.5 mV), indicating that the channel is not permeable to CI- [7]. It can, 
however, not be excluded that this channel conducts Ca^+ since Ca2+ concentration at 
both sides is 1 mM which would be in line with the observed reversal potential of 0 mV. 
DISCUSSION 
This study presents data on single channel activity in principal cells of the rabbit cortical 
collecting system cells in primary culture, using the patch clamp technique. Although two 
different ion channels have been identified no evidence was obtained for the presence of 
Ca-+ channels in the apical membrane of these principal cells. 
The goal of the present study was to identify Ca?+ channels in the apical membrane of 
the principal cell. However. Ca2+ channels have not been detected. There are several 
explanations why Ca-+ channels were not detected: i) One explanation is that the 
conductance of these Ca?+ channel is below detection limits. Calculations indicated that 
the total Ca-+ current that crosses the apical membrane is between 0.5 and 1.0 pA. It is 
therefore possible that a large number of channels with a conductance below 2-5 pS is 
present in the apical membrane. Another possibility is the presence of a few channels with 
an intermediate conductance (10-20 pS). In both cases it is very difficult to detect Ca^+ 
channel activity since the channels are either too small or there are too few channels 
present in the apical membrane, ii) Excision of the patch may disturb intracellular 
conditions necessary for channel activity. As proposed by Feher et al. [30| Ca2+ influx 
may be negatively regulated by the intracellular Ca2+ concentration in order to explain a 
constant intracellular Ca-+ concentration in the principal cell, despite the Ca-+ transporting 
feature of the cell. In patch clamp experiments, after excision, the cytosolic side of the 
channel is exposed to high Ca?+ concentrations present in the bath. Subsequent removal 
of bath Ca2+ by addition of EGTA was not possible since this caused the cells to detach 
from the supporting coverslip. Therefore, in further experiments, patches were excised in 
the outside-out configuration, with the cytosolic side of the membrane facing the low Ca^+ 
concentrations in the pipette (100 nM). Under these circumstances, however, no Ca-+ 
channel activity was detected. Hi ) A factor necessary for the activation of the channel is 
washed out by excision which may cause the channels to inactivate, iv) Moreover, Ca-+ 
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transport across cortical collecting system has previously been determined using cultures 
grown on permeable filters [2,23,24]. However, incubating cells on a permeable filter 
under constant perfusion causes the filter to move. Therefore, patch clamp on filters is at 
present not possible and cells were grown on nonpermeable glass coverslips. These cells 
differentiate less as is shown by a reduced calbindin-D28K content compared to cultures 
grown on permeable filters (unpublished results). If the Ca2+ absorptive capacity of the 
cultures grown on coverslips is reduced accordingly, it is likely that the number of Ca^+ 
channels are reduced as well, v) Ca^+ influx mechanisms across the apical membrane may 
not be Ca2+ channels but, for example, non-selective cation channels, permeable to Ca^+, 
Na+ and / or K+ [29]. The non-selective cation channel presented in the present study 
might be a candidate. 
Despite these negative results, two previously characterized ion channels were 
successfully identified in the primary cultures. A K+-conducting maxi К channel with a 
conductance of 243 pS and a relative K+ permeability compared to Na+ of 10.1 [5,6,7,8] 
and a non selective cation channel with a conductance of 34 pS and a relative K+ 
permeability compared to Na+ of 0.85 [5,7,10,11]. On basis of the reversal potential this 
latter channel could be a Ca2+ permeating channel. However, considering the 
conductance, this could imply that each cell contains only one channel of this type, 
depending on the P 0 of this channel. 
In conclusion, using the patch clamp technique, Ca2+ channels could not be detected in 
the apical membrane of principal cells of rabbit cortical collecting system cultured on glass 
coverslips. In future studies, cells, cultured on transparent permeable filters, will be patched 
using the outside-out configuration with low Ca^+ concentrations in the pipette. 
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In this study, primary cultures of rabbit connecting tubule and cortical collecting duct, 
hereafter referred to as cortical collecting system, were used as a model to study the 
regulation of Na+ and Ca-+ reabsorption and K+ secretion. Cortical collecting system cells 
were immunodissected and grown to confluency on glass coverslips, permeable filters or 
transparent permeable filters. The cultures, which consist for 70% of principal cells and for 
30% of intercalated cells, exhibit many characteristics of the native tissue including 
aldosterone-stimulated Na+ and K+ transport and l,25-dihydroxyvitamin-D3- and PTH-
stimulated Ca2+ transport [26]. Since the goal of the present study was to investigate the 
effect of Ca2+ entry blockers (CEBs) several transport properties of cortical collecting 
system cells, Ca+,Na+ and K+ transport were studied. 
Used in treatment of hypertension, CEBs are known to cause natriuresis, which could 
be caused by a direct tubular effect on the cortical collecting duct [1-4]. Therefore, in 
chapter two, the effect of the CEBs, felodipine and D600, on Na+ absorption across the 
cortical collecting system was investigated. Felodipine and D600 inhibited both Na+ 
absorption and K+ secretion. These inhibitory effects could, however, not explain the 
natriuretic effect of CEBs, observed in vivo, for the following reasons: t) Whereas during 
therapeutic use, blood concentrations of CEBs reach 10 to 200 nM for felodipine and 
verapamil [4-7], the inhibitory effects on K+ and Na+ transport in cortical collecting system 
cell were only observed at concentrations above 1 μΜ. ii) Although, due to the 
concentrating ability of the kidney, the luminal concentration of CEBs might reach the μΜ 
range, Edgar et al showed that felodipine is not secreted by the kidney [6]. Metabolites of 
felodipine, however, are secreted into the lumen [6]. One of these metabolites was tested, 
but had no effect on Na+ absorption or K+ secretion. The inhibitory effects of these CEBs 
can also be due to a direct effect on apical Na+ and K+ channels, since Na+ and K+ 
channels with similar affinities for CEBs have been described previously [35-37]. 
Beside the effects of CEBs, the effect of acidification of the apical compartment on K+ 
secretion was studied (chapter three). Increasing the pH of the apical solution from 6.0 to 
7.4 increased K+ secretion across cultured cortical collecting system cells. This is in line 
with the symptoms of patients with distal renal tubular acidosis who have a relatively high 
luminal pH (5.3 instead of 4.5) and suffer from hypokalemia and renal K+ wasting [8-11]. 
In our hands, K+ secretion is influenced by a direct effect of the apical pH on an 
extracellular site of the apical K+ entry step for the following reasons: i) Barium-sensitive 
short-circuit current and K+ transport studies displayed a similar pH-dependence. ii) 
Acidification of apical and basolateral solutions decreased the intracellular pH to the same 
extend, whereas only apical acidification inhibited K+ secretion. These findings are in 
contrast with patch clamp studies, which demonstrated that K+ channels from several 
tissues, including the cortical collecting duct, are sensitive to acidification of the cytosol. 
In addition to Na+ absorption and K+ secretion, principal cells of cortical collecting 
system cells also transport Ca?+ transcellularly [12]. Ca^+ transport is stimulated by 1,25-
dihydroxyvitamin-D3 and PTH as in the native tissue. At the apical side of the principal 
cell, Ca2+ enters the cell down its electrochemical gradient through an as yet undefined 
mechanism. In the cell Ca?+ diffuses through the cytosol to the opposing basolateral 
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membrane, which is facilitated by a cytosolic Ca2+ binding protein calbindin-D28K· At the 
basolateral side Ca-+ is extruded by a Na+-Ca2+ exchanger and a Ca^+ ATPase. This 
process of transcellular Ca2+ transport is referred to as Ca2+ absorption. 
In chapter four apical adenosine-induced increases in Ca2+ absorption across cortical 
collecting system cells have been demonstrated. In addition to increasing Ca2+ absorption, 
adenosine increased cAMP formation and induced pertussis toxin-sensitive, transient 
increases in intracellular Ca2+ concentration ([Ca2+],). The dose-dependency of 
adenosine-induced cAMP formation and the subsequent increase in Ca-+ transport 
displayed a similar potency, suggesting a causal relationship. The [Ca?+1, transients were 
independent on extracellular Ca2+ since removal of extracellular Ca-+ did not change the 
[Ca2+], transients. Adenosine receptors can be subdivided into two subtypes, Ai and AT 
receptors [13,141. In the cortical collecting duct, both types of adenosine receptors have 
been demonstrated [15-17]. In general, the Ai receptor inhibits adenylyl cyclase and/or 
stimulates phospholipase C, whereas the AT receptor stimulates adenylyl cyclase [13,18]. 
The apical adenosine-induced increase in cAMP formation, which results in a stimulation of 
Ca-+ absorption, suggests the involvement of an A? receptor, located in the apical 
membrane. In addition, ECso's in the micromolar range for adenosine and NECA, an Аз 
agonist, indicate the involvement of the AT receptor subtype Азь [19,20]. Furthermore, Α ι 
receptor-induced activation of phospholipase С was not involved in the stimulation of 
Ca-+ absorption, since abolishing [Ca2+], transients with BAPTA and down-regulating 
protein kinase С activity by prolonged exposure to phorbol ester TPA, had no effect on 
the adenosine-induced increase in Ca^+ absorption. The presence of an Α ι receptor, which 
inhibits adenylyl cyclase through a pertussis toxin-sensitive inhibitory G protein, was not 
demonstrated, since preincubation with PTX had no effect on adenosine-induced Ca2+ 
absorption. 
In chapter five the effect of another nucleotide, ATP, has been investigated. 
Extracellular ATP, unlike adenosine, inhibits both Ca2+ and Na+ absorption in the cortical 
collecting system cell in primary culture. The similar inhibitory potency of ATP and UTP 
indicated the involvement of a Piu receptor [211. In addition, ATP induced a transient 
increase in [СаЗ+^, which returned to a sustained elevated level, suggesting the 
involvement of phospholipase С Only the sustained elevated [Ca2+], was dependent on 
extracellular Ca 2 +, indicating activation of Ca-+ influx mechanisms. However, abolishing 
these [Ca2+], transients with BAPTA, did not affect the inhibitory effect of ATP on Ca-+ 
and Na+ absorption, which suggests that [Ca2+|, transients are not involved in ATP-
induced inhibition of Na+ and Ca2+ absorption. Down regulation of protein kinase С 
activity by prolonged exposure to TPA, abolished the inhibitory effect of extracellular 
ATP, demonstrating the essential role of protein kinase С in this process. This view was 
supported by activation of protein kinase С by TPA or the cell permeable form of 
diacylglycerol which fully mimicked the ATP-induced inhibition of Ca-+ and Na+ 
absorption. 
Studying mechanisms of transcellular Ca2+ transport is greatly hampered by the 
absence of specific inhibitors of the Ca2+ transport molecules. The only way to study the 
involvement of Na+-Ca2+ exchange is varying the extracellular Na+ concentration [22]. 
Instead of an anticipated sustained increase, Ca-+ oscillations were observed, induced by 
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extracellular Na+ concentrations below 5 mM (chapter six). Inhibition of phospholipase 
С by U73122 prevented Ca2+ oscillations, suggesting that oscillations are mediated by IP3 
[23]. The source of the increase in [Ca2+], was intracellular, since preventing Ca2+ influx 
had no effect on the oscillations. Addition of caffeine or emptying intracellular Ca2+ stores 
with thapsigargin, however, totally abolished the Ca2+ oscillations, which suggests the 
involvement of caffeine-sensitive intracellular Ca2+ stores [24,25]. This is in line with IP3-
induced Ca-+ release from ІРз-sensitive Ca2+ stores, followed by Ca2+-induced Ca2+ 
releases from ІРз-insensitive Ca2+ stores. Protein kinase С activation by TPA inhibited 
Ca2+ oscillations, but down-regulation of protein kinase С activity had no effect on Ca2+ 
oscillations. This suggests that protein kinase С is not essential for these Ca2+ oscillations. 
In chapter seven the role of calbindin-DosK on Ca2+ absorption and Ca-+ signalling in 
cortical collecting system cells was investigated. Calbindin-D28K was present in principal 
cells but was absent from intercalated cells. Stimulation with l,25-dihydroxyvitamin-D3 
increased the cellular calbindin-D-^K level in principal cells and stimulated Ca2+ absorption 
[26]. This latter effect could be fully mimicked by BAPTA, which suggests that Ca2+ 
absorption can be stimulated by the presence of an intracellular Cn-+ buffer. The 
characteristics of Na+ free-induced Ca2+ oscillations, were not affected by the level of 
calbindin-D28K· In contrast, loading the cells with BAPTA abolished the oscillations. This 
suggests that the C&-+ binding kinetics of calbindin-DosK a r e s l ° w relative to the initiation 
of the rise in [Ca2+], so that calbindin-DasK. unlike BAPTA, is unable to prevent the 
initiation of Ca2+-induced Ca2+ release [27]. Therefore transcellular Ca-+ transport can be 
regulated without affecting Ca2+ signalling and Ca2+ signalling does not affect 
transcellular Ca2+ transport. 
Finally, in chapter eight, the patch clamp technique was used to identify Ca2+ channels 
present in the apical membrane of the cortical collecting system principal cell. Whereas a 
previously described maxi К channel [28-31] and a nonspecific cation channel 
[28,30,32,33] have been located in the apical membrane, no evidence was found for the 
presence of a Ca2+ channel. This can be explained by several reasons: ¿) The total Ca2+ 
current passing through a single principal cell was calculated to be 1 pA. Therefore, the 
Ca2+ channels may be too small or too rare to be detected by patch clamp. ¡7) Feher et al 
[34] proposed that the apical Ca2+ entry mechanism is negatively regulated by [Ca2+],. 
Since cortical collecting system cells in culture detach on addition of EGTA, Ca2+ channels 
in excised patches can not be studied under such this conditions. Hi) By establishing an 
excised patch configuration, a factor necessary for the activation of Ca2+ channels could 
be lost, iv) The apical Ca2+ entry mechanism is a non-selective cation channel. 
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In hoofdstuk een is de structuur van de nier beschreven. De nier is opgebouwd uit één 
miljoen functionele eenheden, nefronen, die de samenstelling van de lichaamsvloeistoffen 
reguleren. De urine, die door de nieren gevormd wordt, bestaat uit water en ionen (zouten) 
die uit het bloed verwijderd zijn. De urine-vorming begint bij de glomerulus, het 
bloedplasma wordt hier gefiltreerd en het filtraat, de voor-urine, komt vervolgens in het 
lumen van de nefronen terecht. Een nefron is een holle buis waarvan de wand bestaat uit 
cellen die zorgen voor uitwisseling van ionen tussen de voor-urine in het lumen (holte van 
de buis), en het bloed (aan buitenkant van de buis). De voorurine komt, naarmate het 
verder door het nefron stroomt, telkens andere celtypen tegen, met eigen, specifieke 
eigenschappen. In dit onderzoek is gekeken naar de eigenschappen van de cellen uit de 
zogenaamde verbindings- en verzamelbuis. Omdat menselijke nieren niet beschikbaar zijn 
voor dit onderzoek, zijn vergelijkbare cellen, die uit konijne-nieren zijn geïsoleerd en 
gekweekt, als model gebruikt. Verbindings- en verzamelbuiscellen zorgen voor transport 
van natrium en calcium vanuit het lumen naar het bloed (absorptie) en van kalium van het 
bloed naar het lumen (secretie). Het transport verloopt door de cellen heen. Calcium- en 
natriumionen, bijvoorbeeld, gaan de cel in via de luminale celmembraan en de verlaten de 
cel via de basolaterale celmembraan. Kalium transport vindt plaats in de tegengestelde 
richting. Hoeveel ionen er worden getransporteerd, wordt gereguleerd door, onder andere, 
hormonen. 
Verder wordt in hoofdstuk een beschreven wat er op het moment bekend is over de 
transport-eiwitten die betrokken zijn bij deze transportprocessen en welke technieken er 
gebruikt worden bij het bestuderen van de werking van de nier. 
In hoofdstuk twee is het effect bestudeerd van calciumkanaalremmers (zoals felodipine 
en D600) op nartium- en kaliumtransport. Calciumkanalen zijn membraan-eiwitten 
waarlangs calcium de cel in kan. Door binding kunnen calciumkanaalremmers de functie 
van deze eiwitten remmen. Uit deze studie blijkt dat, bij gebruik van hoge concentraties, 
deze stoffen het natrium- en kaliumtransport remmen. Patienten die deze stoffen 
toegedient krijgen ter verlaging van een te hoge bloeddruk, vertonen een verhoogde 
uitscheiding van natrium via de urine. De resultaten van het onderzoek, remming van 
natriumabsorptie. zouden deze effecten kunnen verklaren, ware het niet dat de 
calciumkanaalremmers in patiënten niet in zo een hoge concentraties voorkomen. 
In hoofdstuk drie is het effect van de zuurgraad (pH) van de voor-urine op 
kaliumtransport bestudeerd. Mensen kunnen door verschillende oorzaken een voor-urine 
hebben met een afwijkende pH. Bij een acidóse (lage pH) neemt de kaliumconcentratie in 
de lichaamsvloeistoffen toe en bij een alkalose (hoge pH) neemt de kaliumconcentratie af. 
Uit deze studie blijkt dat een verlaging van de luminale pH een remmende werking heeft 
op de kaliumsecretie. Een verandering van de extracellulaire pH (pH van de vloeistof 
buiten de cel) beïnvloedt de intracellulaire pH (pH aan de binnenkant van de cel). De 
remming wordt echter veroorzaakt door een interactie van de pH met de buitenkant van 
de celmembraan en niet met de binnenkant. 
In hoofdstuk vier zijn de calciumoscillaties, ten gevolge van lage extracellulaire 
natriumconcentraties, bestudeerd. Calciumoscillaties is het verschijnsel waarbij 
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intracellulaire calciumconcentraties (calcium concentraties in de cel, [Ca-H) afwisselend 
toe- en afnemen. De calciumoscillaties die ontstaan bij verwijdering van extracellulair 
natrium worden veroorzaakt door activering van het enzym fosfolipase С Het IP3 dat 
door fosfolipase С wordt gevormd, maakt calcium vrij uit intracellulaire ІРз-gevoelige 
calciumopslagplaatsen, waardoor andere, calcium-gevoelige calciumopslagplaaten, worden 
geleegd. Het calcium dat zich buiten de cel bevindt is niet betrokken bij de stijging in 
|Ca2+], in de cel. 
In hoofdstuk vijf wordt bekeken wat de invloed is van calbindine-D28K °P deze 
calciumoscillaties. Calbindine-D28K is een intracellulair eiwit dat betrokken is bij de 
calciumabsorptie. Calcium dat de cel binnenkomt aan de luminale kant wordt door 
calbindine-D28K gebonden en door de cel "transporteerd" naar de andere kant. Omdat 
calbindine-D28K calcium bindt, werd gedacht dat het de toename in [Ca2+], bij 
calciumoscillaties zou verstoren. Calbindine-D28K beïnvloedt de calciumoscillaties niet, 
omdat de snelheid waarmee calbindine-Ö28K calcium bindt te laag is. BAPTA, een stof die 
calcium wel snel kan binden, verhindert de calciumoscillaties wel. 
In hoofdstuk zes wordt het effect van extracellulair adenosine op de calciumabsorptie 
bestudeerd. Adenosine bindt aan een Аіь adenosinereceptor die zich in de luminale 
membraan van de cel bevindt. De adenosine receptor activeert het enzym adenylyl 
cyclase, waardoor de cyclisch AMPproductie toeneemt en de calciumabsorptie wordt 
gestimuleerd. Adenosine activeert ook fosfolipase С maar dit heeft geen effect op de 
calciumabsorptie. 
In hoofdstuk zeven wordt het effect van extracllulair ATP op natrium- en 
calciumabsorptie bestudeerd. De Pn
u
 receptor activeert, als gevolg van ATP binding, 
fosfolipase C, waardoor IP3 en diacylglycerol wordt gevormd. De door IP3 veroorzaakte 
toename in [Са^+^ zorgt niet voor de remming van natrium- en calciumabsorptie. Het door 
diacylglycerol activeerde enzym, protein kinase С, is verantwoordelijk voor de remmende 
werking van ATP. 
Tenslotte is geprobeerd calciumkanalen in de luminale membraan aan te tonen. 
Hiervoor is gebruikt gemaakt van de patch clamp techniek die nader wordt toegelicht in 
hoofdstuk acht. Hoewel deze techniek goed bruikbaar is op de gekweekte verbindings-
en verzamelbuiscellen, zijn calciumkanalen niet aangetoond. Wel zijn twee andere kanalen 
geïdentificeerd. Een maxi К kanaal en een niet-selectief kationkanaal. 
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